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In the present work, cost-o;:Jti,l1<l.l 8ge_based ,epldce,,'cnt

olod81 112.5 been studied becausa of its i.11C'Drtan:;a in the

apf-llication of preventive mairltenarlce. T.~B model h"s bt'lln

sol'Jed by " computer pElckagc written in ;:-0rHRAr, larlgua~e.

O"tirr,al :replacement agBs ha'Je been determined {Dr F.l",;'de

r"n\le of cost ratiDs (i.a. ratio of feilure replaceillent

CDst to ;:Jre'"erlti,vB ref-llacomer.t cot't) from 1.1 to 100 and

for a widB rang'" of sha;:Je parameter" ( B v"lues) frQm 1.1

'Lo 5.0. Total cost Df optim"l r"'placefilent policy irl multiples

of ff.ilu::-e rcplacament cust I,as al~o bp.en determined for

eaCil v"lu[' of cost ratio and 6 • Rasul to, hac"e bep..1 presented

iel ~oL, tabular and graphicfl1 fOEms. rwo sets "f g?cphs have

oer=,-, pro,jllced, in the o,emi-lug plotting; Dna fOl' Q"tifilal age

'del~rnin"tion ar,d the othel fDr det,,:cmiClctiDn of associ",teci

rB;:l1Gc=rlCClt cost. In th= earliBr sP.t Clf curv"s, tile -'o-calleJ

Z-c:u::-'Jes arB platte,;; "mej'e Z indicat"s the cl"sp.n",s, of

Dflti"nl "'~" cO th~ ~hGracteris:.j= li,'". r; COmp"",;,,,,,,-,0; til"

rres"n~' soluti~fC with ~hat Dr (;1a""e::- r,as slsa lJe~n ",ad".

Follo~'in~ Glasser, lJJ"ibL"ll failure dist~ijL'tic'n r'Gc; c>gp'''

~oll~,j~e~ea to ek.l=p'B~ f3il~]"l' ~t.atistic beCduse or tile

gp.np.lGlity of tnis dist=~DUtioll.
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f( t)
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I'J[jTAnOI~S

the cost Dr r"dlure r8pliiCBment i.e. cost of

r8~ldc8ment after f~ilur~

the cast of preventive replas8",ent i.e. cost at

r"'plac~mcnt :'810r" failure

the total BXpcctBO C(J>;t per unit time, for

~.ev8ntivB rep13ce~~nt at ti~8 tp
the probability Genc,ity function (p.d.f) of

the failure times of the equipment

the co~t ratio (Cr/CpJ i,e rativ of f~ilur8

r8~lGcement cost to pre'venti\/B replo.c",,.,ent ClJ"t

the mean tirr,e to fElilul-'" when pre'denti'J'" re"lacement

O(;cU:cS Gt (or leng-:h 0,- the f"'ilLJre cycle

dt ),
at ti,-"" t

p
)

the'i18zard rat" (Qr, inst,m-:aneDLJS failur-e :Late

D:;- , forcp of mortality) dt ti~8 t,

"

r;:,placemunt a.~B or, spEcifieo age

upti.-n"l :riOplGcBment a98

ratio of mC''''nlife tn st<lnC::I,d c.leviation units,

wilier, is th~ ",-,,,rao,-, service Ii fe Dc the com:lDn"mt

in "t"ndrrr-d de'Ji"tion units
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5hG~e pard~eter

5cdle pararr,eter

lo~ation parameter
st8ndardizeo cost ratio

mean failure time

standard deviation unit

8\/aluation of Ca.-11mafurtctiorl
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C.~iIDTE,'1_1

HJTRCWUC1IO.'1

1.1 IrltJ:oduction to Replacement PJ:oblems:

1'J:evantiva maintenance lS arl impo:ctarlt ;JaJ:t of

,,,ai,,t,,ndnC8 ",ana~a."ent. It deals crith afficient LJtilizetion

(If equipmunt with some J:isk of failure . .oreventive rr,ainte_

nanCe J:efers tu the planned :ceplacBmBrlt of pieces of e~uip-

""'rlt or parts that ;;lay fail in operation LJrllac;s replacement

is m[ide irl timB. Any type of equipment may break down t1L'rirH)

thE .operation due to mechenical failure Or any other caUSB.

11[1art from break powns, "'quip",en:cs Dr machines tend to wear

[)l" dctGriorata ",ith t"B increase in time and use. This

corditiorl may decreasB the effi=iency and lower the ,-<uaJity

of th" product. Un th8 other nand it h,;s two i,l1portarlt

im;;Jl.icstions.

1) ,ne il,cl"cc~in~ cost cc th., ",alnterlance nBCS"SiJry

to ot.tain C0f1tl"LJif19 reliabllity of tne eC,LJil,rr.~nt.

2) ,he obsolss~cnce of t,~", equip""",".

t'1e"lac~",~nt oroLlJems [ire a particula=- cl""" of ,H"irl-

tenEln~B j,roble'"s, which in genBraJ, includE ins;:JBcti[ln,

oVBrbaul and repaiJ:, [lrganizrrt~onal "tructure. rsliability,

:;chBGulin.J ElrlGsBqu,mcing besid"s the is[.!lacsmsnt ones.

U~ually replacemant problams can oe classified as sither

dstsrministic Ur prul,alJilistic (stochiJstic). In the eaSe

of detBrministic >Jroblsm<" the tililing and outco,,,e of

rS[llacemant policies 6I'e assullwd to be known with certainty.
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0,18 typical and jlerilaps ",ost CDmr;lOn problem u,:,der this

cote~ory is finding the economic life of ca~ital B~uip~8nt.

Hera, the B~uipm8nt is not subject to failure but the

op~ratiny C[lst incrE'ases ",ith its USB, 10 reduce thi~
,

"pBratln'd CDst, a replacement is to be parflHllied. T,lE' 'b"5t'

tir"~ at which tna total cost incurred is ;,nnill,ized, is

cclll~d the BCDrlOmiclife. It is s55ur.led th"t after the

rBplacernent, the trenu in pl)eratin<] costs is known in the

sense that t.~B rBp!ccement Beti"" returns the BquipmBr,t

to the a" n"IJ cOflditian and continues cc I'nuvide th", 5",118

servic['s as the rapli:>ced cquipmenL. If thi" ast>umpLiun holds

t:,~n various costs uscd in the a""lysis a~g dlw8yS invarjdnc

""t"'''Bn :rBpla~emcnts. Of COllrse, tili" "~"ll"'ption daes nat

huld whelC' t.C'cilnola\!lC"l i,,,~ro',,,,,,e,,t af tile Bquipment is

t"ken ln~O 2,count in H,e model.

to prc~it"L witl, ,;=r-:a~nt\' wilcn <i "t-ailur" ",ill "..:"ur or m'lllo

ge",,",,lly, when th" -::nlnsi-:iofl ~:r"m one state of tr.e BqU~P-

mBnt to Elnatiler "'ill qcCur. ~Bcor.d, it ma, Lle.im;:JDssib'l?

to determine til" actual statE of tna elluior;-,erlt with a"v

accurE.cy urll"ss "011,0'form of ine;pect.ior. i.e; taken. !Juring

operation the equipme"t unje)' cOf:sioEn,tion i,; asslHi1BD to

occupy on8 of several st",::ee;, the t,"[1 extro;IIe states being



'new (or ')uoJ)' and 'f"ilt>d'. These two bounci"ry states

encloso a set of Intermedi6te states tnat denote different

de')raas of d~t(n-iOl'ation. The movemant from stata to ""tate

is 9l)'JDrn"rl by a .~roba~ility mechanism whosB l"w .llay be

com,Jletely Imown, ~,altially known 01' unkr,o",n, by the dDcision-

Jllaker. In the sill,plest situation, of cour3e, the ec;uie'me"t

may oe desc:,iood as oeinQ good or failed, 6nd thc corr8S~

ponDing prabability la~' may be describsu by t:,C distribution

of tirr,s betwB"n cafllpletlor, of tho r"place.-nBnt "etion "nd

failure. The tinlc to f2ilure is a random variable w:lOse

iJisl;rioution r;;ay ;:,,, l;ermed the equipn,ent' s "'"illlre di3tri-

t:;utlon.

Correspondin~ to these sources ar LJr,,;ertainty mentioned

above, a,e t",o distinct m,odaJs fo:;: stochastic,,-,-:!.y failing

equip'-"5nl;; 'pl:c'Jenti'Je' ,""intsr1anee mo=els in which the

stato, c;;' tI,~ ,,~ui,Jmant is "l •••"ys kr,a'oIn ",iH, certainty;' "ncr

'p:::,,~are[iness' "'iJint8[)anC" nadel" ~rl 'Jhien the state of the

e[,ui_~,"er,t (at l",est for :;Or.le of its eOin~on~no:s) is no" I<;",w,.

uJi~rt e9rt"inty unLeSS som9 d9finit~ II,einten",nee C::tlOf) is

-:",k"n. In t.~is work, onl, the first. tye'''' of modal has be~n

::ons~derec and so ti,e subse~:uent di3cussion ,,-'ill be relateJ

tD tnis.

With th" ;JE8vent:.c'e maintenancB ,"ud",}, the assur.lptian

is that th~ equiomerot operates eClntin'Jously until it has

felled, Continuous Cl:J~ration Drovid"s "ssu:,,,nce th"t the

actual "tat" of t:-o" e~uipment is known with cert~inty.
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Alt"rnatic'ely, it may lJa assumed th"t the equi~rrlBnt is

kept in storage for its latD" uSe (particular] y "rl'~Fl e"'8r-

~sncy Brise,,) but is under continuous sL.Jr'...•"il1ancB. It makes

it ~a5siJIB to det":rmir,,, the c;ctual state of th" equipment

without any further maint"n"nCB action.

The maint~na"ce action contp.mulated for th" prB\iBntivB

maintenance model is replacing a iJi'oen piece Dr equipment

or Co,l1llDnent with another "f the same type which provides

the "amB s8J:vices. So, like the oBter,."inistic JIlDdel, tha

r,,18vant pieces of ~ql!ip",8nt are assumed identical at tilE'

time of r~plllceme,-,t.

In dc'vcloping " ;replE;c<o"wnLpolicy, iha interest lias

mainly in o"turmirling a sequence of times al: ",hier. the

replacement actions "fl(Juld tak8 placa, and tile ~pti.;]al

r";Jlacer;'Bflt polieiss Ere tl,,, Oll~S ',"hi~'h r;laxir.li,:s or minimi"~

some r.riteliOIl, such as prof it, tDtal cOt;t, down et c.

-
a failure th5" belor", whera ':;ost' i:; ;;,,= aLJ>J:'ocriote

taker. as the alll':ro~.riat8 one, then- thE!;; c:rite:rion is ~u:Jsti-

tutcd In plaee of cost. liC'",e'Jer, tilis sDrt of situation nl1,y

be causeJ uy a 9reate:r 1055 of pruduction Slnce ~eplacement

after failur~ is un~lann8d, ,~r failure of on" piece DT plant

ma,. cause damagE' to other equi>-,m~nt.



•
the failu"c rate 15 incrEmsing. 115an illLJstn'::ion ",- this

point, " case c"n be cDnsicJered ",,'WrB th" faiiure rate DC

the equipment 1s constant. 8y the definitior, of failure

ral8, rcpl"cem"n: before failure doe5 nDt affecl U,e proba_

billly th"t the quiCiment ",ill fiJil i" the next iClstant,

~ivl1n that it i~ good no,". Since rB,d.Bcarr,ent costs ar"

pDsiI:ive, it ~'ill never be adlJisaLole to do preventi'JB rep-

lac~n'Ent, i.e. r"p18ci",~ the equip",ent 8efore failurf'.

:J[)'o'iou,;ly, url,en eqllip",ent fail~ accordinc to thc hYI'e~-"xpo-

"~,,tjal lJist:rilJution its ("ilu"" .ratc is J8cre"si'-1~ arId

as well.

~"sically, there 2"" S['\lE~"l type::;.o! pLe\Jenti.\/B

,;]aintv""nce fJOlici,,~ of interlest; i.JnE i,. 't.~E > ~ri"ci~ polic:.'

;:,f ;;1,,,,e;6rioc.'ic m2.intEnanc.c ~,olici~~ and is

proc~5~ 15 'finitE'. It diffErs from t~le poriodlc policy in

tnat the ",,,,,datory :o'2place""mt age is re-calcuL,teci af'L".c

""cil r"plElCe,nEnt. ,~pplicatiorls of s;quBr.tial DoliciC'5 includE

,;ituatio~5 in which tl,,, equip",ent is subject to r~pid lEchno-



logical change and tiH'r"fore possessE's a

lii8 tirn8.

,

relatively shart

In case of maintenanc~ poli~ies for ~quipment ~ith

sever-al p1irts, tne anall'si::; is the same as for thG sinQle

fJa:rt liquipmBrtt only if parts are "toch35tica11y and economi-

cally independent. In this esse .IIaint"nilnCf' dBcisiDns ar~

also inde~er1dent and the CO:Lrect rrDc~dure is to lissign a

""parate periodic or seqLJe"liEll polie,' to each part, But,

if the failure uistLiuutions of t~B 5Bveral OQrts a~e not

stoclla~tically ind"pcndBnt o:r if t,~D C05t of replacing

s6vEral ",.oris jointly is le>5s than :ChI' cost of their r23_

"BeL.VB se;Jarat8 :LBpL,c"",enL;, then decj,;iDns of rcpl"cement

will noL be ir-.cepencicnt. Tho, condition of ocono.-"ic de"end",ncD

reflect", the ['resenc", lJf economips Df scalf. in ",aintenanee.

Under eithBr condition, it may b~' advante.geDus fDr the

,naintr,nance decisiona i or un" >,art to oe>,eno on the at"t",:,;

of thB re,lI",inin~ P:l:,t" of thO' syst"rr •. ,nis last ric.scribed

repl"cBmB"t ,--olicy, ~" which all ;l"ms C1I'" 9I"C1UPDf it.ecnsare

J,r'~placeu j)tD<c"tcl;J at DBriodic iilt",~val", whBther :J; n,_'t

they hac'c failed aince thB las~ I'"pl"ceifIEont., i~ called a

'BIDck r~>,lacement'. ,he cl,,::;~ic example :J'" -Chis sorL Df

situation is thaL of milintenance of s~:,e8t 18m:,s. ,I, lJl:Jck

r"plElcement m3Y nLlt 'be opti",' ..l in mClst situ2tions. '"'' pol.ic/

ho,""c'er, sincs no information

~o ,equirDo conce,nirtCj the E1Je of i"crivic.iu:'ll it"ms, as in tl,~

periodic preventive maintenance policy for '" single

A natur<:ll 8xtensiDrt of this type of block replace",~nt poli8Y
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is in the ci8'JelD:l.1H"nt Df e r,,;:J1a~8ment iJolicy [01: " single

item ",he;re prcc,,,,,tive replacer;]ents OCCUr Elt fixeu intervals

of time, and failure replacement" occuJ: •.•l1en nIOcessary.

The nBLurE' of the re"laC"r;)Bnt lJolicies has so far

Deer! lii,;cusserJ in gen~ral. It SilOUld 'be mentioned her" that

cert"in fJ)'ocedLJres aI'e aLready available for the soluti[ln

of the rel-'lace'-'Hmt r"ud"ls JllenLioneo "arlier. In CaSe of

preventive replacement prDbl""'5, first the failUre statistics

have to be 'lnalYS8d by using f"irly standard statistical

techniqu8s and till? life time distritouLion is then estimateG

in terr;]s of "opulation parameter'S, "ay, the ",,,,an life and

stalld,nd d~',li?tion. Then, ,,-'lth the::;e faIlure chrrracte:.istics

,md ti,e :'dtj 0 of tha cost DO a failUre :Le.olacer"enl to that

of a p:'cvBntive r8pla.=ef'lent, the opti"'8l ~:.e\.'er.tivB replace-

ment time to minirr,ize total <;Cl"t per ur.it time car. le cal-

culated. r'hllLf_the l'sual rnocedures fo:. coing this "l'e;

a) Usin,~ ",atl,elll"tic<ol ,IIodel" -eha-c aT-e ~'8ll deve)o>'''Q

oj Using e "ra",nicel soluticJ[1 pro=edurc ~r,

cj Usin~ 8 computBr packa~~.

TI'8 objectiva of tilis resear~:; iHE t"e followings:

1) To study agB-tJ8sac; r,arioc-ic rSfllac~n)e"t mousl

fol' inJividual ite~.

2) To der-i\lO a mathema.tic"l model to u8t8rmin8

optimal prev8ntiv~ :.eplaccm8nt 8gB SO a5 tD rrLini~j ze

replacement cost per unit tim~.



J) "10 determine opti,nal reolaLement aQB5 for a rang8

of failure to pn"ventive replacement cost ratios

anc for a range of failurp. distribution parElmeter

\/alues.

4) To preSBnt the rssul ting policies in a G,raphical

form so that re;:Jldcement interval can be readily

determined.

5) To cD,llpare the graphical solution with oU,~r

5i,"i1ar exi~ting solutio"s.
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CHAPl CR 2

LITERATURe R[Vl[~

2.1 Litcratuj"e Survey;

Litel"aCUr8 involvin!J the theory of squip.llent r;;aince_

n"nce is rlO~' abundant. In many ",arks, o,lti",,,l

pDlicies h"ve been found and charactori z8d fOE a variety

of situations. Detarministic probl"',,",, weI'a the e,nliest

Ones to U::-,,"' tl,e "ttention of ,,,any ~uth[]:,-s eH, the thfory

of maintenance out, within the p"st I-u'", ye"rs a substantial

bojl' Df litBratLJre h'as j~veID,Jed for i-,robabilisti~ rr,aint,,_

nance problems "5 ,",,11. Im;:",tus for Lhe ,levellJp;nent of a

theory Dl maintenance for the l"tter sltuations has COmt'

largely fl'om the p::-actical probl~,-ns of ",,,irltairlirl[) com"lex

"ICEn r~""on is thut o"":;:-htional r~'luitDmantt CiOCib~ "chi~L'8C

'OJ' the most ::;urt, thBse strin~=nL o;:Je,BtiL:.nal rBqulTUJi8C1ts

"re sl,,~ eCOf1Dmically justified. However, s.p;:JlicBtioro of

maf1ufa~turirl9 inuustris.~.

",ith th~ reliability are",. 'naf1Y=sr1y literature" whic:,

COrlsidered the mather""tical theDry ur :,-eliaoi1ity are 0.10;0

relevant to Ee,J1acement [',roblems. Kilintchine, Pulm, !::;:-1""0

and Ir,any otller authors pvjlisheo con5ici~rabl", works in thi"



,

field.

•

Weiss (1), in a ::;BJ;'ies of rapOl'ts, COngj,dBred

tl18 effect5 on syst"ri'J reliability and on n1aintenance costs of

both age replE1C"lfI8f]t and randDm age replacement policies.

In One of (;ho r2r->orts, he was f)articularly inte;rest"d in

the time to First systelf' failure. He propn"Bu that all age

replacelllBnt pulic,' would bB be,,~ficial if the exe:8cted

time to em inservic:", failure "'E'U, " deCl"easinq functiOrJ

of the a~c of roplacCIIIBnt. Herd (2) also cOllsiden"d

tile question of the beneficialjty DF " replacement pallcy.

He based I'l" consid"rations solely on the failure :Late.

In his opinion, EB,11acemBnt should tJC con"i(iered if the

failure rate is incr"a5inQ. il detail8d study by FleilinQer (3)

c(Jnsidered the ex;"octed number of faj lUJ'c3 arid the ex"e~ tad

numLer of plannt'G repldcement5 in a 5pecificd intervel.

fur r"e'lflcBClent '''5 non-ne~ligible and tho; stoch"stic "1'OC"33

&5 sir.l;:,lc 'on' "nd 'off' st"t8. All Bxrosit~:LY pa;:Jer di~[<ctec

to,'"ros r~llElbility aDpiicEltiorl~ a.c'i-,e"rad i., o;leratiJrl5

Research by 89:r:l0~' "nd HUrlter (5).

$"B.-ns trJat "'9'" replacemen~ for an iniir,ite

"'pan ,lac; :r:ec~ivBd mDc;t attsntion in the Ijt<,,~-ntU:r:E. MOI'Sb (c')

shows hou' tc. d",tel;mi"e the replacemDrlt infer""l lIIir,imi"in9

BxpeCLBU cosL pel; unit

8xists. lhe d",:r:i'cl",tion of "n o>Jtimurr. age replacement intcrvEl1

cD,..re~pondirt9 Lo a finitE! time span is baSically a muel. mOTe

difficult probl8IT1. Barlow and f':r:05chan {,ll pr"ove the existence



of such "" optimal policy. A trl'aLfllenL of the comparis'Jn

of replacement policies have bean studied by Barlow and

f-'rcschan (a,s).

very im~ortant subjact in tha ~tudy

of pr9ventivB m,,~ntenance. r'1cJst of the Ueneral

t>e found in the BXp"DSitory [,ap"':- by Smith

th8Dry may

(10). Th",

mo:re :recent results baSBU Drl an uncterl,.irlg increasin!1

f'lJ.lura rate. t1istrio(Jtion may be round ill 3aI"lDW, ,'la:rshal and

[;r(Jscharl (11) "nd B'nlow dnd Proschan (8).

The p:revenLive r;-,aintenanca (dodels ha'_'e also been

st~dJ.~d, in ~'8n8IE;l, by JDr'Jenson, 1'1ct.:all, anci .~aCJner (12)

arld J31"oin8 (13). 8arla",', Proschen, arld lJunti,r (S) al~o

discuss",] "a,ious theor"tic"l aspects in thei: ODDk.

,Lt h~5 t,aarl n'cntionec in ~h~ uL:jG~tivB of tt,is

:r8.~","rch L~Bc Co:>et of Q:ra~h'Owill be constrc;c1..ed, so t.~Bt

,n"intan'lflce ~nte:r'."81s "," "a r"adily ccoL3:mjneJ. Fro'l, the

liter-atur8, on" 5u=h 9r-e;Jhi~al prese"tation cculd tEo oj~aineJ

and ~hi~ Wa5 de'o'elo=8J ty Gl,,»s'Or (1,1).

Glasser'5 C3oiutioll is b"C3ed ~n :ccc:ding ~ff the \J::a"hs

(Fi\J. ~.'r) tr-,~ value of Z (~ha de'.IlatiJf1 of o~ti",al r~plac,,-

man" aoe from th" ",earl lifE' expre:Jseci in stannard dec'ialio.,

unit) COrresf1ondin~ to the in~er5ec~iorl of '" norizontal line

f~o", ~ (~ost :Cotio i.e ratio of failure :rBp18ce~erlt CO~L

tD preventive raplecem""t cost) an;:; a "e .•tical line V
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(ratio of m~an life to standard d2.viation unit, which is

the av"rage ser'Jice liT" of ths com,Jonent iCl sta;ldard

deC';LatioCl unit). Th~ optimal praventive raplacamEOnt time

(t ) is obt~inBd from the Bquation,
tp""~lean (l-I) + Z x sLlIldard d"viation (c)

;L.E" t
p

= ]J ~ Z. a (2,2.1)

Fro", Glas>l8r's graph, th8 ~tanCardized cost ratio{p)

can ",lsa b8 detcrmin8d. This gives the cost of the "ptimal

poL.cy as a dacim~l fraction of the cost of a 'rE'iJlace on

f~ilu~c only' policy.

It SllOU.i.d 08 pointed out thae Glasser ~BI: on" of tila

raqu;LrBn~rlts prior to u>;inQ tl18 Qra"h>; that tila railure

di:;"ri~LJtiDn or "Cl itBm could be de5c:ib"C: adeolJcLgly Ui

to ~cco",moC:ate a larg<> number of r",ilu1= r;h"r"ct~ristl'-"

0; ~~uip,lle"ts. Tile distriL'utiDn is ~h'Eact~l'i=ed ~y two

(rl) ar.d locati~" paramcte" (y). lo and 'I GrE so",,, timE'3

""llaj op~rati.lg ch"ractcrjsi;iCs. for failUI'8", th~ ""O",d-

f( t) = .fL . (.....L)S-1 ,e",,, { _
n n "

for t -;:.n (2.2.::)

",'l1emB = 1, the lJJ"ibull distribution is equivalent to



negative 8xponenlial distrib'.Jtion and tl,en the failLJre rat8

ia constant with time. When a ) the failUJ e is increa"ing

",ith tiJII8 and tile Wei bull dist:ribution re"resents a case

of both ran de"" and cmar[lut failu:rBS. "-'hen 8= 3.4, it

< 1 the failure

rat", is d~crca"ing ",it" time. LLlhen 13= 0.5 it "'p:noxir;utB5

:-Jyper Bxponential failure distributiDn. LLleibull (15) us~d

this to dBscri!Je fatit;ue failur~, KaD (16) fo:r vacuum tube

failure and LieblBin and Zelerl (17) fo:r ball bea:rirl,J fail'.J:rB.

B=f~r8 using ulasser's gra~h far determining 8ptimal

:r8placement age, Orle mus~ first determine me",r, (ll) and

starlOarO deviation

",are,"etBr~ (~ and 'I) ;"rGmthe item f",!.lure .~isto:-y. lrl terms

r ( r "
r j" 0 0 . ,.

, , " ) ::':0 , ! ( ;
_. , (~ ? -)0 " . L._.j

1:'here r !.no'i~"t8s [;<J,11","functi~n. This en-:ails the USE "f "

fUrlcticm 01' the fQilowinL ap,H8Xir;;"tion (18), which gi'""5

y, -x {'''{"&x.~ .-,, ,
+ 288,,2

S 71 ~

24Q8320/_~ }

(~ , ,,1
• •• ~. ~ • ~ j



1 5

5Q, il can oe r-ealized that Glasse.'s gl-a"h CEln be e time

consu",ing p:r[lcess.

Another intere"tinQ point to not" that Glasser plotted

th" ,~raph5 up to a minililulJI v"lue "f 1UG for \I. RBlating Ij

to 13 , it Can DB SBen that V is S fUllcti[ln or ~ only.

r (1
,

+ $)

[r(1t,_~).:""3r(1+
,

J '
(2.2.5)

For all ,)ractical PLJrPOSBS,B valLJe can 2t the ",ost

Le ilroLJnd 5.u. 3fJp.cial 'lieibLJll E1:,obaDility ,)ap'H3 2130

caler ;"or il r-''''Qe of p valL'cs, ttl<) moxir.lunl ~Bi"g 5.0. Frorr,

equation (2.2.5), i'~ can be seen tt,at for B B of 5.0, ~

will ar-ound /1.35, L"ilir.h is f,u lower than 1I.1(J.O. :00 a wide

zone in GlaS5~r'~ ~raph (Fiu. 2.1) will rarely b~ used.
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FORr'iULATJON OF ;'l.QTllEMP,TILAL .''IC!DEL

3.1 Model fo:r AgB-L"seu I-'r"ventive Re,Jlacement:

P,n "'LJe_based p:r"v""tiv~ :;:eplacement p"licy sp~cifies

that if a urlit .survives to fl speclfied sge then lL is

repl"'ced, with "dditional prDvision t"at if a unit fflils

,Jrior to atblin~rlg that sj:ecified aye then it is immediately

:replflced. f\gc_:cuplacemerlt is lDgic;al if the CDst Df

replace,l1ent <Jefor8 failure effects SDme siJving. '~Iis ,"ould

indlc"te that tll~re is an additional cost to a faiiurB

durifl~. Dperation OV8I' and abo"',," t.~e cost of a ne,J unit.

To balancB the cost of Lile preventi\!e repldcements

against their Janef":'5 necc5~itatea deterr.linatiorl of the

optimal prev,,"ntic'e rBplacc"mnt ag~ for the squipl;,ent to

ITIi"iITlizi':the totai "yp~"ted cost uf rBiJ.iaceC1ents p~r un'it

tim". i\,,,_based ;JreveCltive :;:",pla~eJ"e"c ITIcdel i", '''Rll o~v~ILJ,.,,"d

F",ilurr.
rBpla~enl~nt

F8ilure
repleocemen'l

~:r",vsntive Prg\f8nt~\;"

,gp 1"u: emoent ,epl",cerrl8r,

, t
0 c

I
o I~ typical replac~,"ellL cycle (,Lge Re;:Jlace",ent r'iu"e.1)

Fig. 3.1.1



,

From the figurE it can be seen that the kage_b~sed

preventive replacement ~Dlicy incorporates two possible

cycles 0,- Dperation; Dne •.yela bein(,J determined when thc

equipm~nt :reaches its planned ;replacement "ge (t);and,
the other is dUB to a failure Qccurin9 befoTe the ulanneo

replacement ti.na, TI18se two p05sib19 cycles are .i.lllJ"trat~c

in fig. ~.2.

I.

i'dilUte
rEplacer;]ent

uperation

lyele ~
(e) Preventive r"plsc",,,,en,

<:-yLie

3. 2

(iJ) Idiiute :ceplClcemen1.
GyLl,,'

~(t ) isc

Total e"recteG r8plrrc",,"cn!.

Ex~eCtB~ cycle IBn~t11
cos;: cyclE'

,o;;al ~xpected

re.,lacE,l1snt cast = {(cost Clf d prf'uentive replas«If,ent ',yeI")

x (pro~a~ilityof a ~reve~tiue cycle)]
+ {(cost. of oiiil'Jr-f" cycle}",(prabability cf

a failure cyclro)) ~ [1--.R(\).j(':f[l-~'(tp}J.



Ex~ected cycle length = (length of a p,eventivc cycle)

x(P,obability of d preventive cycle)

+ (Expected length of a failure

cvcle)x(Probaoility of a failur~

cycl,,)

= tp."(t,,J+(t:xpccteu l(mgth Df a fElilur~ c:ycle)" (1_H{tp)}'

Exp"c:tetJl,,"~th of « failwr~ cycle when a [1reventivB

will be tile mean of

the shaded zona ~s demonstratc( in fig. 3.3, since the

ue;'il,adeda.rea is ae;impQssible re"ion fo:: faiilHee;, j'latheme-

cicall)", it is Bxpra=s~~ as th"

mea~ ti~e to fuilure

j nLe::\Jal (0 ,

item

wi thin tile
f (t)

t ),

"

~
,,;~Pt.f(t)dt

{l-R(tp) }
I'; (t ) =

C

EX08ctej cvcle i6nc,th = t ~It "(;x~cct"~ le'lcon of 2" p'-' I"T,- - -' -~'

f21J~rE cvcle)x il-A(~r)}'
e

• f-"~)+I'{t ,.i, c,'. ,)- ",' .',"_ '\ Co _~\c~)',- ~ ~ ~

Crt ) ~c
Total expected

::.xr->ecteo
,eplacement CQst
cycle len"trl

cycle
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, 28

= cp.ri{t~) -I,
/'n (t) clt
c

(:J.1.2)

FQr an "optimal relJlace,,,ont "goo tp' equation (3.1.2)

lS diffBrentiat8D ",ith resprc;:;t to tp and tl,en equ3.tE'd to

zero. TI115 glU~5;

(3.1.2)

de(t )
p =

,.
,-PR(,lo", '_JU ••
o

Dr, 0: {
"

CiJ.i1(tpl+cr (
c
.rPf' (t) dt
o

.,. '=".{1_R(t n.
~ ,-

,
{ .rJ~(:!jt}

c
0;-,---------------------= 0

p 2{ l R(t)ac }



t
tH(t)dC. (-'I),Htp) i er(o) + [""f(t

p
))

.11(t ,),
ce, 0

t 2
\ f ,,(tldt )

"

t

0'", /H(L)Ot.f\tp}(Cf-Ce>J- j~;jR(Lp)-ICf[ 1-Fi(tpl]J.Q\) = 0

oe,
t

/JR(t)dL.f(t )(C~_C )" (e .R{t )'1[= [1_R(~ )l) .,l(" )
G p, P ;:J p. p" I'

t
jP ~-(t-)dt. 1

([.=-c )=, c
;,- t't '(e ",'-- -', J _-l')J

f " T P

• f I ~ ) 'cJFl("Cjc't. \ P , , Fi(; )m {~\J 0

L f - I.
,

, 0 P I 2 C
"

Since r(t ) =
C.

f (t )c
r. r t '" 0'

W,,8I'8 .:-(~ " is• ~p' 'Lhe

ha7>iI'd Iat~ Or insta"taneow5 fa,ilurE :a::e (Dr fazeE' P,

nlort",lity) at time tl' anu !luttin] tili"



~

"c

rPR(t)dt. r(t)J R (t )Oe 0

c , c, - c ,
0

, c
dtp) . [PI1(t)cit R (t )

,
ce, , 0

Cc 0 C _, c

", C
ce r( t p ) . [PR(t) 0' , h 't ) 0

0
c ' 0 Cf C

.RC C,
"

;de )
C'

,
J,J~'(t)lit .1 R(t

n
) '"

u '"' k -- "
(3.1.3]

,"h~ch i,; 8)(P:'85820 i" terms of cost ratio (i.e rsl"tivB

failu~6 cost retio).

The mod"l uescrib",eJ l[1 cqlJa:ion {3.1.ncan alsu l",

~xpressBd in 1"'-IltJ.p18~ of plsn"eu replacBr;-,ent C.Cl~t, i.G.

[ (t )

" ,
,C _ ( ,

J d ;:!~F
c

~ - - 11-.'.(t I.e (3.1.2J

l (t I,
•,
.rPp(t)dt
o

- ( , ,
L ,c I

"



,
The saving for tile optimal age re,>1acer"Bnt !Jolley

[Iller i1 policy of 'replace on r"ilLlre only' Can be c",lcuiateo

aCId which is given "'y I sa\.ling' a" per-Oantage of cost of a

policy of 'replace On f8iluJ:e only' e5 00110",5;

Saving dS a per-ccnta,~e of cost of a policy of 're,JlaCB on

failuJ:'G only'

(Csst of B puliey of replace on failure
(2'Ct;-'!r: .ti"al __pol icy)
('f_oS~"r' ~.,~lJli"y of ra"lace "t failure
C- '-

)

t~rne
x 10U{i

, C
f ),

, r']aan fall U .r t' tiro"

~(t 1, ,,'
0 f ,

f OL~",
'f

M t- ,. ,- f"'ii~':c" LlJiH'[- !. )

'. I' 1r ""0"

"1I
,

,

t "" I' 1 (ILJ';:
,

~ ,

" -,

(3,1,5)



-

SLmdal'd c05L TEltio (p) 15 Llle r"t1o or C;)st of

Dptimal policy to the CDst oT d policy tGi replElcs at f"'ilurB

only. Tlli& can ~c forrnuJ.atad at; follo,"s;

Stano"'ru =DS~ ratio (p) •
Cost of optimal policy

Cost of a policy to .eplace ",t
["illl.", orlly

C(t ) C;(t )
L(Lp) C(tp)

Lp
,

P • ,
•

,
• ,•C. c c, ,

" k---1',Ban fail"re time , C .)1 ",
C (t )

-~_I'-I'C

"

(3.1.6)
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5LJLl!T liJl'J PRUCE.G'URE FOR Tile ,".dCJEL

4.1 '~eneral Co",ments on the Solution P:ro~"dure:

TllS fo:r",ulatiof) fur th" cJetermination of cost optimol

preventive r"pl&ceOlenI: "D" tp ha~ been r;iven in equcnion

(3.1.4); ,"'hier, is

C (t )
p R(t) + kr1-R(t J], ' ,,

jPR(t)dt
o

TI18 "'luatian is not explicit in terms we t anG ~o can, nut be

501'J",d ~'ichoLJt the usc LIT an iteraclc'p. proc8Dur8. aut b"for2

discussing any pdrticular iterativE l,roCec.ure iL is Bssenti"l

::0 '"Dnside:o- thB nature of tne co,;t CUrVB elt ). In fiqu:LC5, .

1'.1.1 Clno 1..1.2 tw, pQssibl" COS1 CUl'.lC)'; "Te plotted.

C (t )
I P c (t )

p

''''".illra
re,jlecBment
cost per unl
tilne

\ [ (t )
p

,,,
fig. I,.,.,

[; (c )
p

,
p

Typical CurVeS for cost fUnction e(t
p

)



;,'0

In Fi~. 11.1.1 tile ClJ:('Ve[(t ) has gul a minimulTI.,
Dilrlo," etal 9 ) hilS provea that for 'In increasing faiJure

one ;ninirllufll, anD forr"te

[[IU~t crDSS

has at [[lost

right Df where C Itc ,

l:f ~ Cp' C(tpJ

crOSSQS Cf/p ,

if it crosses at ",11. In the se~ond figure, it is SeBn th"l

r~placeln"nt i,; not ben8ticicl in this case.

;oron; Lhe "uove discussion, it is apparent that any

itel'ative procedure shollid incorporate two important ",speets

in it, These are:

(i) loentificatiofl a; tha minirlle ill LhB co:;t fUflctioCl,

alld, ard

(ii) ~ sto~ping :LuJ" ",'hen" Clinima DOes Ilot Exist.

Gla"sa;r (16 ) solv",d t"8 eqllatjon ~/' NeuJton-RFlphson

tEchn~oUE. o"tiIOal t whi=h li~s a~ the minima,
un ct.

In the,,'aJue of ,
"of t by discretEo [lu",l-,e:c, prefer<olJly sfilalJest ~ntc;9r unlc.

C

caSe. fcilu~9 cim= ols~ribution shoulo oe ~x~:c~ssec ill the

smallest ti;n~ llilic.

H[)'OB'Jer, in ei;:;iler prJ;:;edllfc,

fixed COSt racl[) I, (wniefl is the ratio of tne CD~t of '"

fallllre re"laceme"t to tha~ of a p;r~ventive replacement) and

fixed values of failure distri8utiun parameters S Dnd n.



The values of ~ and n are roqwireo fur the ~olutiDn of

the ;reliability function R(tp)' Fo;r Weibull ;jistri~llti[ln,

R(tJ is ex>-,resseo uy

R(t) = eXJ-I [-
,
"

(4.1.1 )

F;rom the C[lst equation it can De SeBn that the tE;rm,
/J i1(t)dt will ha\l~ to b~- 50h'eo at each it<nation. \llh8n a

"la;rWe number of iterations is invulv8d. it r;l8y take an

a,ll'l'e~iaole amount of con;putcr tifi1e. ,'lnoth~r pl'[lbl",TI is

LhCit if tp.is nOL an intew~r, th", soluti[ln of thE integr5l

by a nu,llsric2l pr"cedurO' leither T;rap8zoidal or Sir;'pson's

:cul8) ~'ill in'lOlvB a difficlllt COlllout8r p:cocramn,iIH'. Tt",se

bUD <Clffic'Jlties will Definitely a;rise in Se.S8 of ~lelJton_

Rapil50r. solution p;rocO'duIe. So, the ",oLlel he.,; ~eerl solved

~nD for la;rge ~~ng2s or S ant 'I

udlues has b8an taken fro~ 1.1 ta 5.0.

suf[ici6n~ f"r iliJ. clI'2ctical

pU~0'J,"e5. Th; siLuatiorl~ Wb6~E il;r E

im;J:C",-,l..icable in 50 fa;r as pr8venti'.'B :ce"l"~"rr,enLs S:;:e

CQncerrlcd, :JBCdUS" :JreakdClL,ln maintenance will :J6 ",ore ec.onG,nic;.

In tnc solution prosedu;re, a single value fo;r ch&;rac_

te~is"lC life or s-:ale p'Jrameter n i5 cDn8ide~ed rather tnen
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a range. From Glass8.'s solution U1hal's optirc,aJ ;-eplucamallt

age t i5 d"terminBd f[lr k and V(=)J/a,J. it is apparerll,
that t i" ino,,-~endE'nt of II because ( II/a) is IT function

"of 13 anly (equatlon 2.2,5 ). But tfla 'lalue of 11 shoulu' be

large 8rlough
t
SO as to minimizE computation"l B,:[Dl: uf the,

intewral r ~(tJdt. 1"" illustrate this fact, 11series of
c

r.,liilllility curV8~ havE' b"en drawn for II = 10 and TI '" 50

for some values Dt.13 (Appendix-P,). It can De 588r, from the

graph3 that for BII1811'1 value (i.8. '1 • 10), tllo reliability

curve s:'a1'I',1,. falls to neJr-7SrU valu",s. n,e hi<;lh",:- the

value of r, , t"e "har,3"r is tile fall of ,,(t). While integra-

ting R{tJ over t"ls sharply fallen zone, COij1_~utatio,-,al

eTrur ",ill be 5<JLst"",tla11y h1gl,. 50, to minimize the

inl;8gration Brror, tile \l8.1'Je of n has beBn t~ken ~~ ,00.0.

tne choi':B of TI

It 51m",1y ~1••tten5 (C::- E'lr:l?Btes the oensity CUrlJE for 1<::'"Je

~~r Wei~u11 d1str1b~tion, f(tJ i3 given 01'

\ It) ,
( "

, .
H

) . t )p }
"

The functi~,,"'.L c'a1uE h"5 been computed by B com;:lUte:r p,"og:ramme

fol' val'ious values or P and n

I" P,ppendix_3, f(t) curve" h~ve weB" plotted fG" n v~lues



of 1I] and 50 for Bach 13 valuu rarlgirly f ::,OJll1.5 to 5.1] with

an incrsmerlt of 0.5 (i.e 13 = 1.5, ~.O, 0.5).

4.2 Co,nouter Package for the SOlution of the 1'lodel:

for solving t,~B mat;,err,atical modB1 a comput()r prograr;lJllB

11a5 bBan ",ritten in FORTRANl"lnl;;LJagB using lGI~ 370 computer.

Th" whole i-l'ogramme is di'''idBd into thrsB 5",,,tiofl5 c[)nsisting

i) El 'liastsr I-Jrogram[;1B to oeLarmine cost optimal

replacamBnt time, rS:J.iacen,enI: ~05t in multipl85 of

failura repla"emel1t cast and s6'vings .if a"y,

sol'Je ths int""J.L'a.i

i i ) a subroutine to carry out W~it,ull analysis
t
,p~( 1" ~~'""'.' " L,Uc, ~"u

an j

iii) a fUrlctional sLJUpragr8mITl8 to solve ,the g"n;r;-,a

fLJnctio,l (r ) f[n c6terrnin~,,~ maan time rJatween

C e.r.D [I.

~n til" :l:-o~:r:a'"me is a ve:-y si"'p2e and crud= on~ but E:ffac~ive •

a"t=l.o •",d r(- 1 is BVElluat"d for U,iE' _ c;;) ano th6C1 for
,

cO,""9.l"isJn Crt lisevaluatec: fa:;: next highs:;,o
3y si"'."le logic, tne minimu", c:(tpJ is k3rt

, L C , 0 ,., ,
ic stor", H C(t~J

3 is calculated

and compared with tllB previOLJsly obtained ",inimLJm CQ5t, If
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Crt f for t ~ ~ is minilTliiJll, thi5 ,"'alue i~ k"pt in tem,)orary
" ,

stora9B agai" end the iteration is prDc"adBd as befo~-e wiltil

the trelld is r~versed. This ;;)eans, for a cBrtain new 'Jalu,,:of

uptimal ValLJB since the cost is m"-nimumat this

t , i f,
is th"

it i5 found tllat c(tp~ 1) 15 smaller, then (t - 1)

"
iJoint iJrod the iteration is stoflped. The pro~ra",me th"",

calculates t~e ~~ving that can be o~tdir.ed by adoptir.Q t~is

~olicy. If the saving is "BQative, then break dQ\Jn replacR_

ment policy is superior to preventive !'epla(;(];nent policy.

If tile savir.g i5 ;lOsitive, then preventive r~placBment is

:JBneficial, The policies c.:Lep:Linted acs[I:-dingly.

If th~ co~t CUrve is or.e of ~jg. '.1.2, the seaT~h

se~:L~h is continued UPto a lJallJE [If t
o whB"e Rlt,,) is

~~~al to 0" less tilaC] O.OilS. ~ince tilS!'", is rlJ rc,jrtima "itnirt'

tili~, "a"Je, the c,[lt~."iil !'eplacs,r;-,e"t policy is "aken as f~ilL:rs

',.,.1, 2. D, 1J.1); (2.0, I ['. [1,1. U), (0 O. U, i;[1. C',:;, 0) .(tl]. U, 1.]0. C',1O.
•

In the [,rogE~n"",-" -:I,is hilS be,:,,, ,,)(esu-:~G by simpl3 l09i::

statB.-nen"Cs,



<rJ~ii[l"'''!('1["1'1"10'1 f<r!:lf'l1'llt<m~.,

L'fiI1PHR_5

c;'E:S~l.:TL~or~ell53]ell'



.~ESULl::i MID DISCUSSIDrl

~.1 Results frum tll~ ['Iodel Solution;

The cDst-DfJtirnal age ::-eulacement model has ueen sul'Jed

fDr a ra"ge of co"t r",tiDs and a range of (3 values by a

CDmput"r package discu~se" in sectiDn ~.2. The results I,ac'e

bBen ::.resented in both taiJular and 'jraphical forrn. Ta~ule.:L

pre5()C}tation h",s been lIIade as a di.roct print-out f.ro:" th8

computer package. it includes informations li~e S, '1.

rnean till,e ti,oe Jetween failures ().J), standard de'Jiatian

(G) and avorage 5erc'ice life in stanGElI'd deviation units

(w ja ) in the beginning of BElch Lab16. These are follolUer1

by d table containing :LelativB cost. Df faillJre Df rel'l<lcO'm"nt,

resulting optima.!. :JDIiey "r,d associated star.dardiz"d east

of optimdl )l['lj~.~.~rd g.!.'Jes 'reple::e On railu:p.--..,.
c'nly' i,t'c;:a,"-e" oj; rbr~ak_dmJn Ie~la::e",e"t being a;otimal CI"L.~ ~ .. ,.
In sase o.TF?-reye"h:;ie,e reeolaC,,".Ent beir,'] ",>,tire,,,,l, th" ."int-

But gi~es ~ value wh1ch indicates devidtiDn of uptirnal

";re r~om the- ch"ra,~terlstic Iii" n. The 'J"lUB ~'f 'z' i,_

calculi'-tec Dy

O t -'1
\i:}:o.~'_ (5.1.1).,

(5.1.2)

. "Table-;;::~.1.1
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CCJITIput"r prirtt outs

Table 5.1.1

II "He
b~l.l LrA~lOO.O

keLt,T1VE COST OF-
fAllUKE K[Pl/l(EI~EtH

fMT= 96.'t9
o"n MAL

AGE

50-=, ,n.R,
STD. LUST
RATlO

ASSO=

1.19479I\SSD=

FAlLU,'.E D)ljLY
F,\ll.URE Ui,ILY
FA I LUR EmIl. Y
f-AlLURE DilLY
fAIL;J!H_ UtiLY
FAILU~_E OnLY
FAIl.UK!: ONLY
FAIl.lWE ~JMY
f'ATLUff~-(,11LY ------
f~ILUR[ 'JNlY
1'AIl.lW~ ONLY
FAll.UI'!:: U~-ll.Y
fA [LUkE ONLY

0.99';7
~)."9S1
o.'I'n"0.9')4~
0.9923
U.9174
0."61,'1
0.')'_;0,)
0.'1387
0.9280.
0.'-)[97
(l.",)'t)
rJ.9.91 ~
o. e oWi>
0.8'110
0.5626
0.~55i)

SD= 711.7)
STIl. COST
RAT HI

KEl'l.A[;: 0;,
[<"PlAC" 01,
R~rL\CE iJ'l
RE~LACE UN
KEPUCIC UN
R"PLACf ON
R.'::I'LACF ljll
k~~LACi r.i,

- ------ -REP[i\n:-[j.~
REPL,\[[' o,~
REPLACE 011
Rd'LACE O,'J
R.EPLACi: m.j

2.J"OOl." 50"
1.0lOD
0.7000
O.',hflO

-O,l]OU
-0.3180
-O.5GGL)
-0.';')00
-0.6500
-0.6900
-0.7';0,1
-(l./9UO
-0.d2.00
-1).8,,00
-O.h"OO
-0.87I1G

HH= ')'.-.0(,
UPTlMAL

~G~

1.10'!
1.200
1.300
1.400
1.~00
1,.000t.700
1.1l00

- 1.10U
2.000:>.oon
4.000

_~. 000
6.000
7.00G
i:J .000
'i.oou

10.000
l~.OO;)
2U.000
2'3.000
3L).()OO
3~.OOO
40.000
5'.1.000
60.000
70.000
flU.OOO
'fU.OOO

lOO.GUO
0=1.2 ETA=lOO.O

REL/lT1VE COST Of
FAILURe REPLACEMENT

1.100
1.200
)..:>00

-1.'>00
1.500
1.<>00
1.100
l.!IOO
1.900
2.UOO-
3.000
4.0011
5.000
6.000
7.000
!I.OOO
9.000

,0.U00
15.000
20.000
25.000
30.0UU
:IS. QUO
40.000
50.000
60.000
70.00u
eo.ooo'fu.oo,.

,OO.OGO

REPLAt;:: ON
RU'LACr: Oi.jREPLAC!: ONRtPLAC~ ON
f~f.PLACE mol
R[PLACt: or,
REPL-'\CF UN
REPLACE Od
REPLACE: Uiol
"fPLHE ON

3.00(1('
1.~700
0.5'-100
0.2',00
O.O~OO

-0.-I200
-0.?100
-0.3,00
-O.~;'tGO
~1l.h50iJ
-0.7200
-(J.760l)
-0.7"Oil
-r).~I()J
-O.il" ..-ll)
-O.S-{I)()
-(1.~',110
-O.'-!O(J('
-0.'11;10
_1l.c'?0'!

Fi,IlclR[ lJNLY
FAILUkE [iNLY
FA1LlIRf lJljlY
FAILU<lE iJNLY
fAILURE ONLY
FAILUIH' WILY
FA lLURE or.ltY
1','llUI(I: ONLY
FAIlUI~S or,LY
FAILtJRl'm,LY

0.9999
0':9976
0.9912
0.91'122
0.<;U2
0.'/620
0.'1519
0.'1422
0.',001
0.U67:'
lJ.~(Jll
0.8l95
0.8012
O.1h5't
0.75'n
0.7-':W
0.720';
11.7fJ5't
O.&'!?3
O.t,.~O'J



f'"T" 'U.35 S,-l= 71.6') Assn= 1.28901OPI1l-~AL S r n. crIST
>lG" [(ATIO

RI,PLAC" '" f'AILliRE liNt. Y
RcHAcr; Q,'J fAILURe O'~L Y
f!.£OPLACE G'J FAIUlf(E D"ILY
f(tPLACl: " h\IUJ/{E ll'.tL Y
R£;I'LACI, C,' 1".1[LU"IO GNL Y
kU'I.ACE ON fJ\iLUf(E ONLY
R~I'LACI, o,~ l'AlLIJf(t: GNLY
I,EPLAC, 0" F/,ILLIRE O',L Y
R~PL,1l~ (H, t'A1LLJr;~ lJ"L Y
1{~J-'I.A( r. 0,' FAILURE U,>jLY

l.O~IlO 1l.99f>1
0.'3400 0.9531
O.OlGO 0.91>',)

-0.1700 0."447-0.11)OU O.92~7
-0.3900 0."079
-0.4~OO 0.B9l)
-0.';00" ').B760
-0.6~()0 [).~ll'Q
-0. noo 0.7"lQ2
-0.7.",0(1 0.7361-O,,;IOQ O.70H6
-0.'.1'10" 0.oB59-O.~500 0.66,;5
-O.droa O.fd';O
-O.~'IOO 0.6101
-0."000 0.5396
-0."100 - - - -. . 0.57?3 ---- ... ------ ._-------:"'0.9200 (1.~",74
-O.9,,(]0 0.54',7

~M r= "1.14 ~t)= 1,~.97 ASSO= 1.38152JI'flMAL STD. CGST
AG~ RA T1 (l

--;'.~1.3 LTA=lOO.O
KELnlVE COST Uf'FAILURE RlPLAC~MENT

1.100
I.ZOO
1.300
1•.• 00
i.500
1.(,00
t.70u
l.30J
1.'1C10
~.UOJ
3.000
".OOU
5.000
".001)
7.000
II.OUU
'1.000

10.000
15.000
20.000
2':;.00U
]O.UOiJ
35.00u
40.UDO
50.00L)
6J.U00
70.00<1
80.000
90.000-

100.000
[J"l." ETA=lOiJ.O
Ran 1Vl: CO~T 01-

FAILUR~ IJ.EPLACEM!=NT

1.100
1.200
I.JOG
1.40U
1.~OO
1.600
1'.700
1.dOU
1.900
~.OOO
3.000
" .uoo5.000
6.000
-(.00l)
3.000
9.000
10.UOO
15.000
20.000
2S.000
30.000
35.000
.,0.000~o.ooo
b(i.OOO
70.000eo.oou
90.000

IOO.UOO

,U,PLACLC ON FAIlU.<l:
REPLACI' ON f!dLUJ,~
fU,I'L"CI, 11N FA1[Ufo\l:
f~EI'L""C~ Oil-FAILURE
Rl'PLACI: 0'1 H [LURE
REPLACE Ol~ ~A1LU<;E
REPLACr: (lIj fAILlJR~
REPLACE ON FAlum('
R~I'LACF ON FA fLURE

2.0,~OO
0.~50Ll
0.8100

-O ••~II)L)
-0.3.,00
-U.':'}OO
-0.(,"00
-0. ';,<-00
-0_5clOO
-D.700D
-(). nOll
-o.~ooa
-0_320')
-0.8,<-00
-O"I.,()o
-O.~,)llO
-0.tl'100
-0.'1[,)0
-o.noo
-0.~200
-0.9300

UNl Y
(J!<Jl Y
IlI.LV
ONL Y
IINL V
O'ILYDOILY
IJNLY
ONLY
0.9991\
O.9tJ66
O.95clB
0.92B6
0.4000
D. '17 4D
0.B505
0.B293
D.BIOI
0.7,59
{).<-.345
D.645'1
0.h156
0.5907
:).56'J"f
(1.5360
0.5100
0.',tJ_Q7
0.~7J9
0."5"5
D.4423

jj
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--\f"'f., ETA~lG().O
Kt:LATIVc COST OFFAILURE REPLACEMENT

FMT'" <)0.27
UPT1MA~

AGE

SD= 61.30
S70. COST
r,ATlO

1.56246ASSD=

[I:~lY
iJ~IL Y
r;lll.Y
mJLY
O'IL Y
0.9<)')<1
0."')'15
U.9986
O.'I'nl
0.'1951
O.'lc,2J
0.'1000
0.,1525
0.8111,
n.771,,-
0.7451
0.1190
0.0953
0.60110
0.5506
0.~091
0.',77J
0.',514
O.4.'(l1
r). :19<>6
,).1711
0.3'>07
0.::1.\3(.
O.31911
0.30.""

FAILURE c;NLV
F,\lL1HF ONl.Y
r~rLURI~ omv
h\lLU~E O!\:lY
FATt.IJKF. OrJl.V
F,\[lURl' m:LY
FAILURE LlrjLY

0."'')')]
0.9992
O.,!9(;f,
0.97,0
0.9.101
0.R903
0.1'547
0.',234
0.79530.77n
0.74"1',
0.(-,671
0.6111
0.5710~
O.5VB
0.5116
O.','J2~
0.451:11.
0.4321
0.4111
0.3935
0.37R'.0.31',5'"

S[}= -;7.3R
~,TI). (OST
RAno

:,l'I'LAcr. (j,'1 FAfum"
R~I'LACE lJ~ fAILUll~
R~I'LAU: n,'j FAlLiJRF
"'~PL,,\C[ ON f'AILllf<f
RfI'L .•.Ci-. u:, l'A1LURf
I.F,oo
1.4'JOI,)
[.llno
O.R')Qr)
0.13'.10

-0.'-'100
-0.260J
-G.J',\lU
-<1."'000
--0. <;-,,-c'o,
-0.5nOU
-0.6200
-0.6400
-0.7100
-0. 7~00
-oJ.'llO(J
-U.KJOU
-O.~~OO
-0. ~SO,l
-o.anno
-O.'J9QO
-O.'!uOO
-0.'-'10,)
-o.e'ZOd
-0.'1200

i.10ll
1.20;)
1.300
1.40L)
1.ciOO
1.,',00
1.JOel
i.60"
1.900
2.r)oc
3.00:l
4.000
,.000
".000
7.000
d.LlOO
9.QUO

10.OUO
IS.OO'J
20.clUO
2S.LlciLl
30.00<)
35.00LI
(,O.LlOO
50.00,)
60.000
1J.000
80.ll00
9<J.OOO

lUO.000LJ=1.6 [TA=IO~.O
RELATIV~ COST 01'

f'(\lLtJRE REf'L!\(EM~NT

lolGU
1.l00
1.)00
1.400
1.S00
1.00(1
1.70ll
1.ilOU
1.)(j[)

l.OOU
3.000
4.0UO
S. GOG
o.OUO

"/.DOO
0.000,
9.000

10.000
15.00U
20.Q-DU
25.000
30.00U
3S.000
40.00J
',O.OOll
60.(j()U
70.00n
80.000
'It) • OIl <J

10U.UOO



8=1.7 tTA=IO(J.(J
RI:LAT IV!' COS, or

FAILURt: i{EI'LACEHtN-r

1.100
1.200
1.300
1.',00
1.~,00
1.",00
L.loU
1.<>OU
1.'100
2.000
3.000
4.000~.uoo
6.000
7.000
8.000
9.000
10.uOu
t';.ooo
20.000
25.00030.uoo
3~.OOIJ
'iG.L10D
50.00U
hO.OOQ
71:;. 000
fJO.OOO'io.ouo

100.000
4"'1.8 [1A=100.0
IH,LATlVt: CO:'l OF

F-AILUKE' t~LPLAC[MI,,'H

I.JOO
1.200
l.3CU
t.'iOU
,1.50U
1.000
1.70(,
1.&Ou
1.'jOO
Z.OOU
:'.UiJ~
4.00d•.••GOO
6.QOLl
7.')00
U.OOG
~.()OO
1.).OOtJ
1 'j. ()CiO
2() .000
25.000
JO.UOu
J~.OOO
40.000
50.,-lOO
60.000
70.000
eo.ooo
90.00n

100.000

FMT= .'<'! • .tl
Uf'T IIMl

AGe

REPLACE n,'1
R'cPlACE [J'.~
R::I'LAC,' [JI~
REI'I.ACE [I,~
1.6dOO
1.2)0(,
O.9601J
0.75110o.~']ou
0.4600
-0.l100
-0.17.00
-0.4300
-1l.~IJ8
-O.jl,O')
-o.t,UO'J
-0.c.j0,)
-0.<.1,00
-0.,400
-0. ?JOU
-O.inU0
-O.ii)O[J
-1).1''',00
-0.8"0;:)
-0.3HJO
-0.1)'10-1
-~.'ll1'JO
-0.')\L"J
-G.<)lCO
-0.<)20:J

Fc'.T~ ,~B.'J2
'JPT1"jf,L

ACt:

SJ= ",',.OJ
~TI). UJSl
R.;.lln

A,sso=

ASS()~ 1.73909



11-1.9 ~IA=i00,O
RELATiVE COST OF

FAILUkE REPLACEMENT

HIT'" ~rl07)
lJ P TI )-1,\ L
"C"

S0" 48.59
SlO. COST
PATIO

36

ASSO" i.enll

1.100
1.200I.Joe
l.~ OU
1.~OO
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" .00010.000

15.000
20. UUD
2'.00,)
30.000
35.00U
40.000
50.000
6U.OOU
70.000
BO.lJGO
90. 000

100.000

FMr= f;~.lt2
rJPTJMAL

AGE
REPLAC E ON

0""+00
0.2300
0.1100o.o~nr)

-o.u'<oo
-O.iJ9GU
-0.1300
-0.1-(00
-Q.2ullO
-0.3600
-0.4'1-00
-0.4-,OU
-0. 'i31l0
-O •.~60u
-0.5dOO
-O.DOO()
-(J.bIO;]
-0.6600
-G.7Q;JU
-0.7.'00
-0. LI00
-0. 7~00
-0.7000
-O.lriOO
-0.1'100
-0.<1000
-0.~100
-O.UIOQ
-0.8200

FMT= !l'}.~5
UPTT~IALAGE

IO;PL~Cl-_I]',
0.'t000
0.<'':)(10
O.CRDO
0.0

-0.0,;Ou
-0.1100
-0.1',00
-0.\.'100
-O.llOd
-0.3700
-0.4',00
-0.4'700
-0.',:100
-0. S~OO
-o.~IDO
-O.~')OO
-11.hlOU
-0.(,601)
-0.6'100
-0.7100~o.7300
-O.7~UU
-0.7500
-U.riO(,
-Il. 7~(lO
-0.1'1L10
-0'''000
-O •.HOO
-O.~lOO

42

so= ]1.59 -- .••-s"so= 2.ij)05(-
STD. COST
RATlO

FAILURE; ONLY
0.998e
0.'1927
0.9813
[j.q66iJ
O.,)~B'.
0.'12\1£>
0.''103
().8\110
0.8719
0.712'1
o .60S~
0.5297
0.~73,<-
O.'t?'1H,
0.)94'1
0.J662
0.3422
0.2(,1.1
0.217]
Oolll73
0.1059
0.1'<96
0.13&8
0.117e'
0.1042
,J .0919
0.0859
0.0794
0.0739 ,

SD= 30.75 ASSO= 2.91206
STIl. COST

-RATI 0 ~, - - - - - - - _ .•• - - - - - -- -- ----- -- ---



1:)=:;.:; i;TA=10Ll.()
RELATIViO CO~T IJF

FAILURE RcPLACEMEtH

t.100
l.l0U
1..100
1.<,OLl
1.500
1.600
1.70u
1.BOO
1.900
L .:JOO
3.000
't.000
5.000
6.000
l.uOO
ti.oO,J
'1.il;],)
10.000
IS.'GULI
20.00Ll
25.QGO
30.00G
35.00G
40.000
50.000
6Ll.OOO
70.000
BO.OOLl
9CJ.QOu
100.00u

B=~.4 [TA=10Q.O
RELATIVE C()~T Lli'

FAILURE REPlA(~MENT
10100
1.200
10300,
1.ltOO
1.500
1.600
1.700
1.80U
1.900
2.00U
3.00U
't.000
5.00Ll
6.000
LUUO
U.UOO
9.0UO
10.00U
'15.000
20.000
25.000
3U.OOO
35.000
4v.000
5;).UOU
60.000
71l.ClOO
t1U.OOO
90.000
100.000

IH.PlACC Or,
0.3,,0,)
Q.ldJU
O.OhOJ
-0.UI00,
-O.Uhl(j
~O. l2GO-O.I~Uu
-0.1500
-0.2100
-0.:< 100
-(J.4'tClLJ
-(1.'d,,,)
-().',~Ill'.
-O.-;';>UlI
-0.5"00
-0. 'o'JUU
-1)."IJOa
~[J.b,;IJ\)
-Co.G~OO
-0. !(JOO
-O.7~(J0
-0.7300
-0.7400
-0.7"LJO
~0.7700
-O.lilOO
-(J.7';00
-D.rlUnD
-0.8100

f-MT= ~--f.,12
UP f1 J~AL

AG~"

Rf-;PL.o.C[ llt~
0.:'I20J
0.1:i00
1).[1';00

-().0.30J
-O.l)hl){j
-0.1200
-0.)600
-0.1 ;100
-O.~;'OO
-0.:;700
-0.' •.,,)0
-0 ••• IJ[)[j
-0.':>;>00
-G.S40u
-0.5,,<]0
-O.Sbilt)
-(J.';<IOO
:_:0.6

'
,00.

-0.6"100
~U. 700,J
-0."1100
~0.130J
-0.7400
-0.7::,r)O
-LJ.n,l,)
-1)."1,100
-0.7'1\10
-0. )'10"
-O.BuOO

S:J= ?9. -9S
ST:l. C.USl
>{ATJU

FAlLURe ur1LV
0.9977
O.9~8il
0.':17",,1
LJ.90>~a
0.915?
O.':I14'~'
[,.8926
0.~71',
0.8509
0.6<142
0.5749
0.4992
0.4/,3',
n./1006
U.36(,5
O.3.:H16
0.315.,--'O~2J91 .. _-
0.19<>1
0.1679
J.1,,?'}
0.1329
o.lno
o. l01~
(1.0911
Q.OilH
0.0745
0.0()85
0.063"

43

AS';O-=

ASSD= 3.07450



.5fl= 2a.51
STO. CUST
R,\TIO

FAILUR!: (J'lLY
0.9972
0.9~7',
0.9711.
0.9522
0.9310
0.'1090
0.~!l70
0.Bo54
o.~"'43
0.6 7~,6
O.~65"
0.4'1()2
0.4347
0.3'121
0,]583
0.1307
003077
').7.324
D.1901
').11.2')
0.142'1
').1282
0.116',
0.0996
O.087~
0.0784
0.0713
0.Ob'i6
o .Ob09

so", 27.a4
5TO. ClJST
RATIU

8=3.5 ETA=100.0
KELATIVE CUST OF

FAILURE REPLACEM~NT
l.IOO
1.200
1.300
1.400
1.500
1.600
1.700
1.800
1.')00
2.000
3.000
4.000
5.000
6.UOU
1.000
(10000
'>.000
10.000
15.00Ll
Z0.000
Z~.::lOO
]•.••000
35.uoo
"'0.000
50.000
60.000
70.000
80'.000
90.000
100.000

B=3.6 ETA=lOO.ORELATIVE COST OF
FAILURE kEPL,~CE~ENT

1.l{JO
1.lOO
1.300
1. 't00
1.~00
1.600
1.700
1.BCiO
1.900
2.uOO
3.000
4.000
'0000
1,,000
7.000
B. ClOO
9.000

10.000
15.000
20.000
25.00.0
30.000
3~.OOO
'to.oOO
5".000
60.000
70.000
!J0.01J0
90.000
100.GOO

RePLACe ll\l
O. <',00
0.1300
O.OJOO
-0.040Q
-0.0')0],1
-0.1.'00
-0.1100
-0.2000
-O.Vo"
-0.:~600
-0'''''00
-0.4dD,j
-[)."dOJ
-O.Sf,on
-il.~oOO
-D.~700
-0.5',00
-0. ",4GO
-(1.6'100
-,).6'/OQ
-0.7108
-0.7200
-0.7300
-0.7500
-[).7tSD[)
-o."nocl
-0.7~OO
-0.1']00
-0.7'1110

FMT~ "0. to
OPT II,AL

AGE
Rd-'LACl ON fAlLUJtC
o.rlGO
0.1100
O.cJ200
-0.11500
-0.1000
-0.1"00
-001100
-D.2{)OO
-o.voo
-0.360lJ
-0.4300
-0.',300
-0.5100
-0.~300
-0.5',00
-[j.',/{1()

-O.5~00
-O.(uOO
-8. ",,80
-O.i,dO,)
-0.7'J(JO
-0.710ll
-().7,:rlO
-o.I',lJO
-0.7',00
-0. 'I'-'fl 0
-0. noo
-0. 7~OO
-0.7"0,1

IlNL Y
0.9967
0.91160
0.96"'2
0.9/,89
,).'1268
0.9042
0.~UI6
0.8595
0.8380
0.6673'
0.':i574
0.",1118
0.4~65
O.3d42
0.3506
003233
0.3005
0.2262
0.'11l46
D.1575
0.1 31;]
0.1239
D.liN,
0.C960
0.0842
0.07S4
0.0685
0.1I629
O.OSllJ

ASSD=

ASSD=

3.l55"'5.

3.2361~



~;J.l ~rA;IOu.u
Rf:LAT1Vf: COST nF

~AIlUR[ kEPLACfMENT
1.100
1.<'00
1.30,)
1•••00
1.50U-
1.600
I.70UI.ao.:!
1.900
2.000
3.000
4.000
~.ooo
1>.000
7.000
tl.OOO
9.000
Iv.oOO
15.000
20.000
25.000
30.000 "
35.000
4V.000
5D.DOD
100.000
70.000
BO.oOO
90.000
100.000

1l;3.8 ETA;100.0
Ri':LATIVE COST QrFAILURE REPLACEMENT

I.IOJ
1.200
1.300
1..'1-0(;
1.500
1.600
I.HIO
1.300
1.'JOO
2.000
3.UOO
'1-.UOll
';.000
6.()00
7.UO •••
<1.00ll
'.>.JOO
Ill.000
15.000
1.0.000
25.000
:1O.UOU
35.00U
',0.000
5U.00U
bO.DOL>
7U.OO'~eo.ooo
90.000
t00.000

Fln= '10.23
llPfiMAl

~G"
O.5i,00
0.2',00O.lO()u
0.0100

-O.(J(,O<J
-U.1IOO
-0.1500
-0.1'100
-O.?["lO
-O.;'.J[Ji)
-O.J0'1(1
-0.4300
-0.',-10')
-O.~JJLlO
-O.~JOO
-0.5500
-0.',600
-0.~[l00
-O.ldOO
-0.<,50')
-0.6!JOO
-0.1>900
-D.7100
-0.7,<00
-0.7jOn
-0. 7~01)
-0.7',Oli
-0.7 tOll
-0.1700
-0.7!JOJ

F,~T'" ,/1).)6
UPll:~AL

AGc

0."..,00
o.noo
0.111)00
-[l.GlOD
-0.0700
-0.1100
-0.150,)
-0. U;Oll
-0.!.10U
-O.lJlJO
-0.'3600
-D._,'lOL)
-0.',7(>[)
-0.5l,f)O
-O.':lOO
-O.:>I,OU
-1l.:ihOU
-O.~701)
-O.I,l,)O
-ll.f,~110
-o.t>{()(,
-0.0,'100
-fl.70,1"
-O.HOll
-0. noD
-0.7,,00
-1).7~o(j
-O.li,(jLJ
-0.770,)
-0.710,)

S11= 27.20
STI1. CliST
KA Til!

1).9998
O.99c.2
O.9g4S
0.Q6f,8
IJ.'14'5c.
0.'1223
0.8'1'15
O.H64
0.8538
0.R320
0.6~95
O.5~'13
0."7:'19
0.4189
0.3763
0.3435
0.316'1-
0.2933
0.2205
0.1795
0.1529
0.1341
0.1200
OdOR9
0.0'127
(1.0612
0.0726
0.0659
0.0605
0.0560

so= 26.,,0
STD. cnST
I,A1ICI

0 •.9997
0."'J56
O.'1d30
U.9(,'t3
0.'.'42)O.Qltl8
0.il949
O.RH,
0.£48]
'l.B?61
n.(,~2t
0.5417
0.'1-664
0.41 L6
0.)6')!!
r)."336"
(1.309'1
O.2~7"
1).21~1
0.17'.1
O.1'tfll:.
o. L30?
0.1163
O.lG~S'
G.<)fl96
0.07f14
0.010G
0.86]5
O.05H]
0.05.19

45

ASSO" 3.31667

ASSO" 3.39706



--,

~D~ ?6.01
STIl. CO~T
R.H1U

0.')991
0.')'151
0.981"
0.9619
1).9391
0.91"9
O.U905
a.Ho64
0.11'+-10
O.h205
O.(,'t50
0.5345
0.',593
0.404tl
C.3&3.~
).3304
O. ,03!J
0.20 I7
1l.2LOL
0.n03
0.1441
001265
0.1129
0.102"

-o.Oi\liB
LI.D7'j9
0.0611
0.Ob13
0.DS62
0.0520

')0"- 25.'.1
STD. (OST
RAllO

ASSO= 3.477298"-3.':1 [T'\=100.0
RELAT(Vf. CO$T Of

FAILURE REPLACEMENT

L.lOO1.1.00
1.300
1.400
1.50::1
i.oOO
1.700
i.dOO
1.':100
~.OOO
3.000
',.000
5.00u
b.UOO
7.(;00
cl.Oaa
'i.COO,]
10.uOJ
1?000
20.000
25.000
30.000
35.000
1,,).OOt)
50.000
60.000
70.000
hO.OOO
90.000
100.000

8=4.0 ~lA=100.Q
RELATIVE CO~T or:

fAILURE REPLACEMENT

1.100
1.200
IdO::l
[.',00
i.'>OCl
1.600
1.700
1 •. 'lOU
1.900
2.000
3.000
',.000
5.000
0.000
7.000
8.000
9.000

lU.OOG
l~.OOO
2lJoOVO
25.000
30.U00
3'>.000
40.000
50.000
60.U('J
lU.OO,)
60.000
90.JOO
LOO.OOLI

F!~T= . 'iO.',9
;J1'T1HAL

M, r.
0."M10
0.2000
O.(,IChJ
-0.0.'00
-o.n"(oo
-0. iZOO
-0.1600
-0. 1'-I Or)
-0.110u
-0.2JOO
-Oo.:l60ll
-0.""'00
-0.«7(1<)
-0.,-,0')0
~O.',;,OU
-0.5.,.00
-0.5~00
-0.~,f00
-0.(,100
-0.6,,00
-O.DoDO
-0.680"
-O.i>'JIlO
-().71;00
-"0.7200"
-0.7300
-(l.7.,00
~Il. 1';0,)
-0.760,)
-0.7700

FlotT'" 90.62
,)prIM~L

AGE

(l.',5(J,~
O.lliOO
O.O~00

-O.<)}O<J
-O.0~GO
-O.UOlJ
-0.1600
-0.1'100
-o.noa
-0.2300
~O. 3600
-0.',200
~O.'t(',OO
~O."')OJ
~O.~lOO
-1l.'dDO
-0.'i~D0
-0,5600
-0.1>100
-0,6-',00
-0.(01)0
-0.,,700
-0.69')0
-0."100[.
-0.11')U
-0.7300
-0."1',00
-0. 7',0~
-Cl.750(J
~o.71,IlD

•

0.9997
0.9'145
0.9800
(1.9595
LJ.9359
O.'Jl12
O.8d62
0.E61[.
D.1l3'!9
0.1\150
0.6383
(J.~27o
0.',5?!,
O.391U
0.3571
().321,')
O.29~1
0.2H2
0.2055
001663
0.1"10
0.1231
0.1098
(J.O')')',
0.01l"2
0.0715
(l.G6')5
0.0593
0.05'd
0.o',n2

•

ASSO'"
•

3.55140
, ,
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5"'4.1 ETA=lOO.O F,H" 'iLl.7S $0. 24.9~ "SSG; 3.6313~
RELATIVE COST c> ilPTlI-lAL STD. (OjT

FAILURE REI'LACEMENI' AGiO HATfD

1.100 '0.4200 0.''1'196
I.lOU a.loUD O.'J911J
1.300 0.0400 0.'nd5
1.400 -().(];OO 0.9':072
1.~OO -0.0'101) 0.9]79
1.,,00 ~O.1300 0.9074
1.700 -O.li,OO {).d~20
1.800 -0.1900 0.1)570
1."100 -O.2lUO 0.8329
2.000 -0.2400 O.llO9~
3.QOO -o.~oOO 0.631,1
4.0()(J -().4l00 (J.5J.11
5.00U -0./,b'1(, 0.4463
6.000 -O.~-!O(J o .J'f2?
1.000 -o.~lGJ o. ,'d!.
~.ooo -U.'dUO O.31R'J
9.000 -O.~;400 0.29Z'1

10.000 -O.SOUl) 0.2 HI
l~.OOO -O.e-OOO (I.lOll
20.000 -{'.6300 O.l(,?lt
2'>.000 -O.6~OCl 0.1375
30.000 -O.t>lOO 0.1 ZOO
35.000 ~U.'>800 0.1069
',0.000 -G.b-JOO 0,0967
?IJ.OOO -0. '1iOll 0.0818
60.000 -0. UOO 0.0113
70.000 -(J.-'JOO 0.0630;
~O.OOO -0.1..,rJu 0.0574
90.000 -0. EOO 0.052"
100.000 -0.1500 0.0485

8=4.2 ETA=lOO.O FMT= '! lJ• IJI! 50= 24.45 ASSD= 3.717H
RELATIVE (O"T "' uPl! ;HL STD. CG5 r

FAILURE REPLACEMENT "'GO: f<IlTJO

1.100 0.3'IOu 0.9996
1.200 0.1'.500 0.9932
1.300 0.('300 0.9770
l.400 -0.0',00 0.95',g
1.:>00 -0.0900 O.929B
1. bOO -0.1100 0.9(,38
1.700 -0.1700 0.8779
l.ciOO -O.HOO 0.1l525
1.900 -0.2200 0.8201
2.00D ... -0.2400 ______0.8047 _ .." .._. - ..- - - - ---------
3.000 -0.1500 0.6257-
4.000 -O.4l"W 0.:;149
5.000 -0.4'.>00 0.4',03
6.000 -0. ',I"ll) O.3M.5
"/.000 -O.SUOO O.~451
1l.lJOU -U.520iJ 0.:'13b
'1.000 -0.5',00 [J.2871
10.G[JU -0.5500 0.2662
1~.000 -O.i,<)O(, O.l'rlO
20.DOG -O.b':OO 0.15B8
25.UOG -0.640(1 0.1)4)
30.000 -D.bf,OCt o oJ I1G
35.000 -0.£ /00 0010".2
40.000 -Q.t500 0.0'i't2
50.000 -0.701)0 0.l."!'15
60.000 -0./10') 0.069.1
70.000 -o.ur,1) 0.0&1&
80.000 -0.7:l0l) 0.O~~7
90.LJOiJ -1).7'tLJU l,.0'>04
100.000 -1).700L' \J.1)<,--'n
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B~4.] ETA~IOlJ.O FMT~ 91.00 5D~ lL91 ASSD= 3.19671
RELAT IV I:' CO~T OC onl MAL STD. CQST

fAILURE RI:'PLilCEMENT M;~ RATIO

1.100 O.J 100 0.'-I'!95
1.200 (].I',OO 0,'1925
l.jOil 0.01,00 0.9155
1.40lJ -0.0:'00 0.9525
1.500 -D.lOOO O.926~
1. &00 -0.1400 0.9003
1.700 ~O.I.'OO 0.8139
1,1I00 -O.~I)OO D.B4!!?'
1.900 -o.noo 0.11234
2.000 -0.2-',00 0.7990
3.000 -O.J~00 O••619il
't.ooo -0.4100 a.5011'!
'>.000 -0.4'>00 O.4Jft~
6.000 -0.4&00 O.J~IO
1.000 -0.';000 0.:\40',a.ooo -O.5~OL) 0."301l6
9.000 -O.5JUU 0.2329
10.000 -O.5~OO 0.2616
15.000 -0.5900 0.1931
lO.OOG -0.[,200 0.155'1
25.000 -0.6400 O.13U,
30.000 -0,,,500 0.1143
35.000 -O.610LJ 0.1016
40.UOLJ -0.6>100 U.0911:l
50.00Q -0.6900 0.0114
60.000 -O.ll00 0.0674
70.000 -!l.7l0D 0.0599
80.000 -0.7300 ('.OS'tl
90.000 -0.1.'00 0.0 ••.'14
100.000 -0.1 ••.00 0.0456

ll~4.4 ETA=100.0 t'Mr= '/L.l2 Sf)'" 23.S1 AS5 0" 3.81633
RELATIVE (iJST UI' UPTIMAL S TO. COST

,
FAILURE REPLACEM[NT AGe' RATIO

1.100 o.)',ou 0.9'195
1.200 0.1200 0.991ij
1.)00 0.0200 0.9140
1.40U -0.0000 O."~O?
I.~OO -O.IGOO 0.923'1
l.o0n -0.1'+00 0.89"'8
1.101J -0.1100 o .noo
1.dOO -O.2UO,j 0.8440
1.900 -0.7.200 0.8LH9
2.000 -0.L4DO 0.7950
J.ooo -0.3500 0.1,1<'1
4.000 -O.'tl()O 0.5033:..uoo -0.',';(10 0.',291
6.00" -('.'dOU {1.375G
7.00U -0.'000" 0.3355
d.OOO -O.~;I(jO 0.3039
'J.OD0 -O.'J,<OIJ O.271l3
10.000 -o.~',oo (J.lS72
l~.OOO -O.',ijOO O.189~
20.000 -D.hIDD 0.1522
25.00iJ -O.bJOO 0.1284
30.000 -O.6S()O 0.1117
3~.OOO -0.61,00 0.0'192
40.000 -0.6'100 0.0396
50.000 -0.(,-)00 0.0155
60.000 -0.7000 0.(J6~6
70.000 -0.7100 o .USIJ)
1J0.000 -\l.7200 O.O~26
90.000 -[).7JOIl O.1l481J
100.000 -0.7.500 0.0,,"3 - - - - - -



ASSO; 4.03496

---11"4.,.-- - ~TA"'10U.u
IU,LATIVE CU';T OF

FAILURE RE~LAClMENT
1.100
1.20Q
1.JOO
1.400
1.500
1.1;,00
1.700
1.ROU
1.900
2.00U
3.000
4.00U
~.LlOu
1>.000
7.000
0.000
9.00U

10.000
15.000
20.00l!
2';.000
30.000
35.000
40.000
50.;)00
1>0.000
70.000
80.QUO
90.000

100.000
B=4.6 tTA=IOO.ORELATIVE COST OF
FAILURE REPLACEMENT

L.I00
1.200
1.300
1.'.OU
1.500
1.600
i./OO
1.30U
1.'100
l.OOO
3.000
4.00,)
5.l!00
6.000
7.000
d.OOl!
'J.OOO

10.000
15.000
20.000
25.lJOO
30.000
35.000
40.000
50.000
.60.000
70.000eo.ooo90.uoo

100.000

H-IT~ -'11.2"
uPTI,~AL

AGi:

O.Bile}
0.1100
0.('100

-0.0,,00
-0.110l!
-O.14(j()
-001/00
-O.?OOO
-O.I~O(J
-(J.~',()()

-O.Y;UO
-O.'tlCiO
-1l.44iJO
-0.'''00
-0.0<'100
-0.5100
-O.~?I),J
-0.540D
-0.58Clu
-0.6iOU
-O.,dOO
-0.1,4(;0
-0.65011
-[l.S60U
~O.(,iJOO
-0./,900
-0.7000
-0.710~J
-0.1?0(J
-0. noo

F-Mf~ '11.35
OPTIN'\L

AG :;

O.:110(j
0.1000
0.0

-0.060J
-O,illH)
-O.bOO
~O.liJOO
-O,2UOU
-O.tlOO
-(j.2400
-0.3~00
-O.',,),~O
-0.4-,00
-0.4700
-0.',900
~O.~{)OO
-0.5;:00
-O,'.i)O()
-0.5-100
-0."1)\10
-0.6~00
-0.6',00
-0.6500
-(j.bbOO
-0.&,,00
-0.(,'100
-0.7000
-O.TiOO
-0.7100
-O.lll',)
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~lJ'" Z!\-.l),,'-- - "'A$$O"'"- 3'~9~'-~"8~
SllJ. COST
RATIO

0.9994
0.9'111
0.9725
0.°/480
0.'J211
0•.~'135
0.8663
0.839')
0.1l14;
0.7904
O.60iJh
0.(,'H9
0.42,,'1
1).370')
0.3.1011
0.29')"
0.l74D
0.2531
Q.IB60
0.1','12
Ool;~S7
0.10'12
0.097D
(I.OB7S
0.073b
0.Ob40
lJ.lI~b8
0.0<;12
0.046"/
O.043U

Sf]= 22.1>4
,STD. COST
RAT10

0.9993
0.9'-104
0.9709
0.9[,58
O.'S>UI3
0.8902
0.B"260.M359
O.B10)
0.7860
0.6035
0.4927
O.41a'J
0.31>61
0.3263
0.2'151
0.2699
0.2't92
1l.11:l27
0.1464
0.1232
0.1070
0.0949
O.OH55
0.0719
0.0624
O.05~3
0.0499
0.045';
0.0419



---li-;"4.-7 ETA"-100.0
RELATIVE CUST OF

FAILURE kEPL,l,Ci:MENt

•

f'Mf; n.4l
UPT!I',AL

AGE

SUO 22.~3
qfJ. COST
RAT fO
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ASSD= 4.II423

l.lOO
1.~OO
1.300
1.'tOG
1.SOO
1.600
1.700l.aou
1.~OO
t:.OOO
3.000
4.000
:;.000
6.000
1.oot!
a.oon

- - --- - - -- - --------- 'J ;"0 (}u-
10.OOL)
IS.QOO
20.00G
25.000
30.001.1
3~.000
1,0.000
50.00ll
60.000
70.000
BO.000
90.000

100.000
6=4.8 Er4=lOO.U

RfLATtVi COST OF
FAILURE KEPLACEtlENT

1.100
1.20,)
1.300
1.'0001.SOO
1.bOO
10700
I.BOO
1.900
2.000
J • .lOO
4 • .lOO
~.OOO
6.000
7.000
8.000
9.000

10.GOO
1~.000
20.0GO
25.000
30.000
35.000
40.000
50.000
60.000
70.000
!l0.000
90.000loo.nno

O.?<;OO
o.w.au

-0.0100
-0.0100
-OolLOO
-0.1500
-0.1800
-O.:,OOD
-o.noo
-0.?4U:}
-0 •.'150"
-O.',(J'JO
-O.'t",UO
-0.46010
-0.4UOU
-0.500:)

- -----0-;~-rOiT -----
-O.S:iOO
-O.5-IO~
-0./;>000
-0.bl00
-0.0,30"
-O.I>',UO
-O.I,',Ou
-o.-"roo
-0.6,~0L)
-0.1,')00
-0.7000
-0. noo
-0.1200

F'Ir~ 91.53
OPfU1AL

AGE

o.rloo
O.OfJOO

-D.OIOO
-0.010:)
-0.120')
-0. bOO
-O.ldOO'
-0.2000
-0.2200
-0.2400
~0.J4DO
-O.'tOl~J
-0.4300
-0.4600
-O,"tano
-O.'t90~
-0. Sl()Q
-0.5,'00
-0.5600
-0.590Q
-D.h lOO
-0.6200
-O.t.AOO
-0.650Q
-0.6600 _
-0.6800
-0.6'/0e-
-0.7000
-0.7000
-0.7100

0.9992
0.'H97
0.9695
0.9436
0.9155
0.8870
0.8590
0.8320
0.A01i2
O.HI7
0.')985
0.',378
0.4142
0.3616
0.3220

--g-:Rl-~--.~---"--------,,,
0.2455 ,.?
0.1796 ,
0.1438
0.1209
0.104U
0.0929
0.0837
0.0703
0.0609
0.0540
O.04R6
0.0443
0.0400

SD= 2t.U4 ASSD~ 4.19332
STD. COST
KAlIO

0.'19'12
O."il90
0.'.>680
0.9415
0.9123
O.H83')
0.8556
a.1l2S]
0.8022
0.1775
0.5931
0.4831
0.4097
n.3~13
0.1180
O.2B71
'] .2624
0.2419
0.1767
0.14120.11R6
0.101.8
U.'0911
o .MEa
0.06R3
0.0596
0.C~_28
0.0475
O.{)'•.l)
O.0.39~1
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5.2 GraphiLdl Pra"",,,tation of Aqe_Replacement Polici8s:

Optimal ege_,eplacemant ~olicia8 given in Tab1, 5.1

ha'.}a ta"n proeuced in graphical far,ll (Figs. ::i.1 anD ,5.2).

For the >'llrpOSf' s8[;1i-1oO pap8L'S ha'J= ~eUll l!88U. Th8 vallles

or r81ativ8 cost of failllre re~lac~lnent " I,S'J8 ""'Url taken

ss the or-dirlat8 in the log 'scale and 13'da1llas havf> baan

taka" 3S the dbscis:;a in t.~e (Jr<1inar-y 5<;3110. Tile ~'lotti",::s

give l_CUr'Je3 (fig. S.1) and 8tandardizecJ cO:;t(p)cllrv8s

(,i']. ::i.2). Eacil curV8 rO'!..JI'esants a particular valua of

l(Fi~. 5.1) en 3 particLJ1'H' vallle of st3ndardiz8d c05t(P)

(Fi~. 5.2).

,



F;~. S., Optimal
IW.,bvll

Pol"'eS (I em',,)
"i"db.,',o")

S~Ar~ PARAMET~R J

,, ,.,
" " " " " " ,., ,., "'



SIQll~<I'oiz<d co,, CU'''"' (p) Fo, Oplimcl Polio,", Under Age ~eplc<:.men'
(Weioull o,,'rioulloo I

" 0

,
" " " " " "

SHAPE PARAMElER a " " "
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5,3 Di"cuo."iun:

The new 'dl'a"hical oL'es"roL,tion for optimal aU" replace_

m<ont policies as .)iV6n i.-, Figs. 5.1 and G.2, produc~s sets of

IJ"ry llnifcJI'''' c:u.cves. Plf.hough th"re ",as no n8ed Df two

pluttl'-'gs, it h"" been dOrla so f,or cleer presentation of til",

curveS. Hav~ng obt31n8d th~ value of Z fur a certain ~alue

of Sh"P8 parCH'leter i3 E1nd :Lolativ," cost of failure replacement

I< , (oJ:, R 'J', i" the comrllter ",ECJc;l-amm2) opt.i.mal .cepl"":;Emenc

(t ) C<.lrl be .resdlly DateL'.-nlne,J by usin'] equatil)1l, (S.1.2).

but the choice

IJfciJurs€, fallura Jistribution pardfil8te:'s ( i3,i1 ) for the

rBspBctiue its," for ",hieh the ;I;8[)lac",ment policy is beinr;

det8rmined, 3!;'8 tu be e'Jaluatad first F"om the failure

t,istory of the iterl'.

[he ciiscLBtizatior-. of tp val'H'S may rB~L11t ir-. some

~.l:rOL'; ir-. o[,termining np,:ill\al value uf tp'

01 sm"llest time ur-.it like day Dr hOUL as appropriate, "ill

iilinilnizE thj" erL'or. Sa, th8 rr,etllodolaQY applied is fai"ly

adequate.

Cam~a~isun of the :results of t;1e present solution with

those of Glasser has been made. Froiil Glasser's graph, optimal

replacemer-.t "'ge tp has been dete:rmined for a number of

valves af cast ratia and average ser\lic~ life in 5,tandard

dt'viation units (i.e. ~/O ). ]J and a hallB, in tu~n, been

evalu"ted from jl and n by the l'"lationships given in equations

',' (2.2.1)' and "resented in APP"fldi:<-E-:', GlassB~' 5--t-- has- beenr ' __,";. "', - p

conller:t"d to Z lIalue as given in. the' p:reBent solution p~ooedur:e.
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Table 5.3.1 show" the comoarative Z VEllu,-,s a"d s;;a"dardized

co"t 'JaluGs. It is OO"'H'led that ;;hero are 5,J,,,e dis~repancies

in Z v"lues cOr very slll8l1 and ve:r:y high cost :ratios fo:r:

lowe, v"lues of i3. This can only be exrolained by the fact

that in case of Classer's solution. Z_values have bee"

calculated f,om Gl"",;er' s g:r:aph and g:r:apil r"ading could not

o~ GOn~ "" Q,c[;u:r:atelj as would have b~en desi:r:eG for i:l good

comparison. N8verthalass most of the Z_value3 a:r:e fdi:r:ly

close, The values of standa:r:dized costs a.~ also fai.ly

clu3e. (Table 5.3.1 s~o",s [nesp.nt model solution V5.

Gl"5"e:r:'s solution).

<
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Table 5.3.1
P.c8>;ent I'lodol SDin. Vs. Glasson's Sol",

n= 100 C = 37.8} v = u/a = 1.09658

F :0'0 Classer's Graph PI'"sent ,'lodel Solution
Cost reclo Optl'''''''1 a~'e 5tar1ual'd Cost LPptimal <Hi a ~tanu,il:a CO~C, 7 ratl" c 7 ratio P

L' "'1.5 9('1

2.0 sr1
1U. 0 0.448 0.990 0,46 0.852
15.0 -0.140 O.97S _U.13 G.977
20.0 -0.385 0.8iJO _0.37 0.%2
25. U _0.473 U.950 -0.:00 0,951]
J 5. 0 -O,!J05 a.a2L! _0.65 O. na
50,0 -0.73? 0.8% -0.75 0.30"-
70.0 -0.820 0.878 -0,82 8,880
100.0 -0,87'1 o,esu -D.c? 0.B55

Ij =1.2 'I '" 1 IJtJ I.J = ~4.G 8 = 73.73 v = 1.194'19

From Glasse.r's Graph orese,.t ,'Iodel S(}lu~ion
Cost ,'atio Optimal "9 e Sta"dar(J cost IJptimel ag" St"nda"d ","cot, 2 Edtlo P 7 ratio P

,., "'L5 8.'''1
2.C 0,'
, 0 -[;).334 0.938 -LJ.31 0.942
1 .5 -0,531 0.900 _0.54 a.BUD
2C -0.649 0.860 _0.65 o.aG?
25 _0.720 0.840 -0.72 0.841 ;
35 _U.?80 0,806 -0.78 0.801
50 -0,840 0.760 -0.85 0.758
70 -0.885 0.750 _0.88 0.720

WO -O,!oJ14 O,7U8 _0,92 0-,680

0' - Break down maintenance.



I:l = 1. 3 n "" 100 ~ = 82,35 C' = 71.55 v = .23e'Ol
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FJ:om GlassE'r's Graph Prasent ,'1ooel SCllution
Cost ratio Opti,Jla1 "8' "tanua,;:i cost ODtir.lal <:19 " S~andard cost, , ratio , , ratio ,

, ., 8'
1 • 5 ;,
2.8 3~S04 af'l

W _U.498 0.88 _U.5U 0,0750

1 5 _0.ti47 G.82 -0,65 0.814

" -0.:122 [J.n -0.73 0.770
25 _u.7ti3 O. 75 _0.78 U.73Ei
35 _0.806 0,15', _D.B] o.~a=
SO _0.861 J.62:; -D.B? O.S::JS
70 _LJ. S2CJ 0.0'76 _0.90 0.589

100 -D.~2~ 0.53 _0.83 0.544

n = 1 UO o = 6~.97 v = 1.38152

FI'O~I Glasser's Gr8~h Prasent ,'lod".l Solution
LO.S, Lacio U,Jtlma Bg e 2I:an,lard cust UfJtlm~l '8' , anGa.L'd co"t, , ratio

"
, ratio 7

1.1 8 r'l
1.5 s,'
2.0 1.980 O.;jg 2.06 0.999
W -0.579 0.82 _V.S8 0.810
,5 -0.711 O. 72 _0.70 0.735
28 -0,740 0.68 -11.76 0,504
25 -0.601 [J.GII _0.80 0.645
35 _0.833 0.5S _0.84 0,590
SO _0.885 0.52 _0.8S 0• .'530
70 -0.925 0.49 _0.91 0.488

,"' -0.921 [)".,44 -0.03 0.442



n ~ 10U I' =90.27 (J ",61.30 v = 1.472G

F:rom Glasse~"s Graph PrBsEnt Mod"l Solution

Cost ratio Optimal ag" st ':Inua:rd - co sc Optimal "o~ Standard c05t
K Z :ratio p , ratio p

1., e 1'1

;.s ce,
2. 0 1.H'I 0.99 1 .17 0.9elS

" _O.SlO 0.75 _0.62 0.749
,0 -0.709 0.67 -0.72 0.60'/
20 _0.733 O.GO _0.77 0.611
20 _0.782 0.58 -0.61 0.571
35 _0.B46 0.50 U ' ,. 0.513_ .0;:]

50 _0.883 O. 46 _0.8S 0.458
70 _U.9U8 U.40 -0.91 [j.'111
1[j0 -0.954 0.36 _U.94 0.3Ei5

~~ 1.5 » = 100 a = 89.b5 0 =.57.38 u"'1.55246

From G18ssilr's Graph Present ,'lodel Solution
.0" l :ratio OptiJilal "0' 5tdndu:rD cos Opcinlal age 5tanuani cost

K Z .utio p , :ratio p

1 • , 8M
;.s 1. ti 10" CM
2.0 0.75Ei 0.:393 0.73 0.!J95
, 0 -0.618 0.70 -0.Ei4 0.695
, 0 _0.721 0.61 _0.73 D.50B
20 _0.790 0.55 _0.78 0.550
25 _0.813 0.51 _0.81 0.501

" -0.842 0.45 _0.B5 0.451
50 _0.882 0.40 _O.BB 0.390
70 _0.925 0.35 -0.90 0.35U

;00 _0; 925 0.31 _0.92 0.307



S=1.7 = 100c, w = 8!o!.22 o = ~4.03

60

v = 1.65124

From Glass"r 1 5 Graph Pres"nt r~"l;el Solution
Cost Latio Optimal ad" 5ta"dard cost Optimal a~a Standard cost, Z ratio p l r""io p

1.1 "'1
1.5 1.511 0,981: 1.0 0.959
l.O 0,432 O. ~d2 0.4b !J.969
10 _LJ.b46 0.65 _0.66 D.G4?

16 _0.754 0.55 _0.71.< 0.55'1
20 -iJ.7El1 0.50 _0,78 0.499
26 _0.8U8 G. (10 _U.01 0.457
.15 _0.845 0.40 -0, El4 0.400
50 _U.BB9 0.35 _0.87 0.347
7C -0,911 0.30 _U.90 0.303
1cc -0,927 O. 25 -0.92 O.2G2

s= 1.8 n = 1 UU W =88,9:2 o = 51.13 v =1.739[;9

F:rDm Glasser's Graph Pr:esent f'lodel Solutiufl

Cost ratio iJptimal ',e 5t"noard C05t Optirr,al ',e Standard cost, l ratiu p 1 r",tia p

• 1 • 1 ,"1
1.0 1.218 0.39, 1 • 1 9 0,999
l.O 0.298 0,98 0.29 O. ~lJ3

" _0.670 0.60 _G.Gu 0,505
15 -0.748 0.51 -0,74 0.514

" _0.773 D.IIEi _0.78 0.466
26 -0.809 0.40 -0.81 0.415
'6 _0.835 0.36 _0.84 0.359
5U -0.875 0.3lJ ~0.87 0.307
,0 -0.918 0.26 -0.89 0.265
100 ___0.926 0.23 _0.91 0.22'/

<



'1 = 100 o = 48.5S 'J=162611

\
From GlaSS8"C's Graph Pr8s8nt f'10d81 Solution

Cust ra~io Optimal "'~Standen-a cost Optimal ",e StsnG,;rd cost
K , ratio " , ratio p

1.1 "U 1.%1 o. g9 O. ~O D. ggcJ
2,e 0.178 0.96 0.1 5 0.975
10 -0.684 O. ~7 -0.66 0.569
15 -0.727 0.47 _0.73 U.1177
20 -0.770 O. 42 -0.77 0.419
25 _0.751 0.38 -0.80 0.379
35 -0.839 0.32 _0.83 0.324
50 _0.851, (j.27 -0.86 o.ns
70 -0.888 O. 23 ~ ,.c.: 0.235_ .c>~

10lJ -0.907 0.20 _0.91 0.199

S = 2.0 n = 100 (J = 40.:JI> v=1.91243

Fro", Glas"BJ: r s Graph P:'B';Bn t ~10CBl Solution -Cose J:atia Optimal ec~ 5tand,",J:d CO"l: Optimal acw Stemoard CDst
K Z ratio p Z ratio p

1.1 CM
1.5 0.681 0.59 0.69 0.997
2, 0 0.081 O. 96 0.090 0.958
Je _0.676 0.54 -0.66 0.536
15 -0.745 0.44 -0.73 0.444

" ~O. 765 () • :HJ _0.77 0.388
25 _(J.797 0.15 ~O.80 0.348
35 -0.822 0.30 _0.83 0.296
50 -0.8S2 0.24 _0.86 0.248
70 -0.869 0.21 _0.88 0.210

]CO _0.899 O. 18 _0.90 0.176

,



n = 100 u = 80.56 0= [,!j.32

62

'J = 1091)08

F,om GlaS'OB"'S Grapr, ilresent r'lad,,] 501utiun
Cost ratio Dptimal "Ce St"nc;ard Lo",t U"tilllal "" 5tanritll:d cost, , ratio , :Ltl t.i. 0 P

1.1 Sf']

1.5 0.55'1 0.09 0.5'" U.99S
2. C [J.U33 (J.9S 0.03 0,95';
le _0.666 U.50 _D.l.iG D.SOS
16 _0.723 0.4.2 -on~ 0.416
2C -[].754 0.31J -0.76 O.3Eil
26 _0.778 0.:50 _0.79 0.322
26 -0.812 0.27 ~P.82 Ur271
60 -0,85" D.22 _0.85 0.226
70 _0.860 []. 20 -0.87 0.190

leC -U.880 O,lEi _O.8~ 0.158

,,"= 2.2 u " 88,':i5 o " 42.51 v = 2.083'18

From Glasser's G"apr. Pre"en t r~odE'l Solution
Cost rati" Opcimal a~e Standaru cost Optimal age Sta"ddru cost, , ~'atiCl P 2 ratio P

1.1 3,1

1.6 0.1,22,., 0.99 0.43 U.993

'-C _0.03 0.34 _0.02 U.948
10 _U.552 U.47 _0.66 0.482
1 6 _0.707 []. 3 S _0.72 0.392
2C -0.749 []. 33 -0.76 0.337

" _0.78ti 0.30 -0,78 0,300
06 _U.B02 0.25 _0,81 0,250
6' _Ll.S25 0.20 _0,84 0,207.
70 -0.858 0, 17 _0.87 0.1'73

1 DU -0,879 lJ.14 _0,89 0,142



n = 100 11= 58.58 (J = 40.80

63

\l = 2.10770

From Glasser's Graph Present I~oddSolution
Cost r,,~io OlJtimal ',e Standard cost Optimal 'ge Standard cost

" , ratio , Z ratio ,
1.1 "1.0 U.322 D. 88 O.]lj 0.991

Z.O -0,053 U. gil lJ.lJG (J.!o!39

10 _U.638 0.46 -D.Ei5 0.1,50

1C _0,707 O. 37 _0.72. 0.370

20 _0.7}9 O. 32 _0.75 lJ.317

23 _0.770 0.28 _0.78 0,280

33 _0.789 D. 2:3 _0.81 0.233

50 ~O.8lJ5 0.20 _0.84 0.191

70 _0,831 U.161 _D.So 0.158

100 _0.880 O. 1 3 _D.B8 0.129
0
'T'
<0

•••••
'" 0 0

, . 0 0 100 ,
0 88.64 g =:59.36 " 0 2.2511:i6- ."

From Glasser I 5 Grdpn Present r~odel Solution

L"",t reltl,] Optim<ll age -Stanoard coat Opti,"al Sy" Standard co"t

" Z J:"tlo g Z ,atlo C'

1.1 1.8118 Br'l

1.5 0,279 O. 98 0.27 O.98fJ

2.0 -0.116 O. 03 -0,09 0.930
10 -0.650 0.429 _0,65 0.439
15 _0.701 0.35 _0.71 0.351

" _0.734 0.30 -0.74 0.299"
2~ _0.750 0.2G -0.77 0.263
35 _0.765 0.22 _0.80 U.217
~O _0.829 0.18 ~0.83 0.1777
70 -0.846 0.1 4 _0.85 0.145

100 -0.856 0.,1.2 _0.8? . 0.118



C4

S~,. 7 "~1" ,~88.89 ,~ 35.54 , ~ 2.50175

From Gla3ser's Graph Present ~IDdel Solution
Cost ratio Optimal agel Standard cost OptiGlal agel Standard CDst

" Z ratio , Z ratiD p

1.1 1. ]05 S,'
1 .5 0.1:177 U. ~I:J 0.13 0.978

'.0 -0.162 []. 90 _[J.1S 0.903
]C _0.625 0.40 _0.63 lJ.350

15 _0.682 O.:W _0. G9 [].305

" -D.?11 0.25 _0.72 O.2SG,-

'5 _0.747 0.22 -0.75 [].223

35 -0.786 0.19 _0. '19 lJ.181

• 50 _0.800 [].1 4 _0.81 [].145

7C ~O.838 [].1 2 _[J.B3 0.117
]CO -0.842 0,09 _0.85 lJ.lJ94

n = lOU )J = 89,03 o ~ 34,1:5 'J = 2.50440

From Glasser's Graph Present l'IDdel Solution

Cos;:; ratio Optimal "" Standard cost Dptimdl a9 e 5tandaru- cost

" Z .-atio p Z ratio p

1.1 1.120 SCO
1 ' 0.121 0,97 [I,OC] [].976.,
'.0 -0.164 U.69 _0.17 U.89S
10 _0.ti53 0.37 _0.53 0.375

15 _lJ.679 0.28 _0,68 O.2!J3

" _0.708 0.24 _0.72 0.245
25 -0.734 O.21 _0.74 0.213
35 -0.757 0.17 -0.77 0.172
50 -0.808 0.1 4 _0.80 0.137
70 _0.837 O. 11 _0;82 0.110
100 _0.852 0.08 ,.-0.84 0.088



'I = j 00 Il = 88,72 0= YI.99

66

v " 2.33551,

F,om Glasser's Graph P,ese"t r~ouel Solution
L.ost ratio Optimal aga Standard cost Optimal "'" "L<muard cost

K Z ratio p Z l:a.tio p

1.1 1.742 8 r"
1 • 5 0.221 0.98 O. 21 0.9S5

U -0,134 [J.n -0.12 0.921
10 _u.653 O. 42 -0.65 0.1121

16 -0,690 U.33 _0.7U 0.334

20 -0.720 0.28 -0.7/1 U.283

" -0.7{j? 0.25 -0. "/Ei 0.248
36 _U.782 O. 20 -0.70 lJ.204

50 -0.817 0.1 6 _0.82 O,16S

70 _0.820 0.13 -0,84 lJ.135

1'0 -O.iJ5~O o . 11 _U.86 0.108

u = 08.81 o = 36.72 ') = 100 \J = :<.41i381

From Glasser I S G,aph Present r'louel :Oolutlon

Lo"t :ratio Optimal PO' Stsrldard cost uptimal '" Standard cost
" Z .rstio p Z ratio p

1.1 1.534 - 001
1 .5 0.181 0.98 0.1 7 0.982
2. lJ -0.147 0.90 -0.14 0.812
10 _0,047 O.4lJ _0.04 0.4U5
16 _O.G84 D'.32 -0.70 0.318
20 -0.717 0.27 -0.73 0.269

" -0.742 0.23 -0.75 0.23ti

" _0.773 0.1 9 _0.78 0.192
50 -0.7G6 0; 15 -D.El1. 0.154
70 -0.834 0.1 3 _0,84 0,126

"'0 -0,858 0.1 0 -0,86 0,101



n = 1 QU ].l = 139.16 o = 33.43

66

v=2.66670

From Gl"ssel"s Graph Present Model Solution
.,Cost ratio [jptimal '" "tand'Hd cost Ootlm,,1 a~e St"noare cost

" Z ratio , Z rEltio ,
'" U.B2? 8"
1.:0 0.082 O. 97 [J.G? 0.972
2.0 -0.171 [). 8 8 _0. 1 i:J 0.867

"' _0. b23 0.36 -0,62 0.364
,6 -0.679 0.28 _0.68 O.Z8Z

'" -0.702 1J. 23 _0.71 0.234
26 _[).710 0.20 _0. n 0.202
'6 -0,736 O. 1 6 _0.76 0.163
60 _0.790 0.13 _0.79 0.130
70 _D.d1? 0.1 0 -0,81 0.104

"'0 -0.843 0.08 -0.84 0,082

'I " 100 'I = 69,29 G = 32.40 v 2.74G73

Froln Gla,sser'" Cr"ph Present i'1odel Solution

Cost ratio upti",al '" Standard cost Gptimal '8' 5 t aml " :J:[j cost

" Z ratio P Z J:atio ,
'" 0.867 Br~
L5 0.055 O,9[j 0,04 0.969
2.0 -0,178 0.88 _0.19 0.879
10 _[J.tiI3 O. 35 -0.62 0.352
,6 _lJ.li62 0.27 _G.b? 0.271
20 _0.'697 U.22 _U.70 0.225
26 -0.709 0.1 9 -0.72 0.195
'6 _0.753 0.1 5 _0.75 0.156
60 -0.782 O.12 -0.78 0.123
70 -0.815 0.09 _0.81 0.099

we -0.837 0.07:, _0.83 0.'181

,



13 = 3.1 n " 100 I.J = 89.42

67

\J = 2.830~O

-
crom Glasser '5 G.aph Pr8~ent~r1odel Solution

Cost ratio Optimal og' StandsI'Ll cost UlJtimal 'ge Standard cost, Z ratio p Z ratio p

1.1 0.841 CM
1 ,- 0.020 U.96 0.02 0.961J• c

2.0 _0.19/, 0.87 -0.20 0.871

10 -0.608 0.34 _0. b1 O.~42
15 _[J.GSI, O. 26 _0,66 0.262
20 _0.679 0.22 _0.70 rJ.217
25 -0.71 a 0.1 8 -0.72 0.187
25 -0,743 0.1 :5 _0.75 0,149
50 =0. ?75 0.1 2 _0.78 0.117

70 _G.aD1 D.O!! -0.80 (;)'.093
1 DC ~O.626 o. on _0.82 O,O?3

~ = 3.2 n = 10G ]J = 89.55 0" 30.75 v = 2.81206

From Glasser t s Graph Present r~Qd81 SoLution
Cost ratio Uptl",s1 'g' Standard cos~ Optimal og' 5tandarY c""t

" Z ratio p Z ratio p

1.1 0.817 em ~

1,5 -0.003 U.96 0.00 0.962

2.0 -0.105 0.B5 0.21 0.804
1P -0.Ei02 0.33 _Q.6-1 0.332
15 -0.642 0'.25 _0.86 0.254
20 _0.680' 0.21 _0,09 0.209
,C -0.715 0.18 _U.71 0.1£10
25 _0.744 0, 14 -0.74 0.143
50 _0.768 0.108 _0.77 0'.112
70 _0.784 0,08 -0.79 0.89
100 _0.814 0.070 _0.81 0.070



'l = 100 a = 29.96 \1=2.99340

From Glasser's GrapJi Pres8nt l~od8l 50lutivn
Cost ratio Optimal "0' 5tdndara C05t Optimal ag8 Standard cost

- -' Z ratio , Z ratio ,
,- , U.791 Sf'l

U -0.010 0.95 _0.01 0.953
;>. 0 -0.216 0.86 _0.21 0.85"1
,0 _U.589 1].32 -0.60 0.323

" _0.62'1 0.25 _U.65 0.;,'46
20 -0.EiEi6 0.20 _0.68 0.202
25 _0.702 0.1 7 ~O. 70 0.173
35 -0.73;,' 0.1 4 _0. ?3 0.137
SO -0.7Ei2 0 •.11 -0.76 0.107
70 _0.789 O.OB _0.76 0.085
,00 _0.81{, 0.55 -0.81 0.066

'l = 100 ~ =i19.82 a = 29.22 v = 3.07450

From Glass"r'" Graph Present Model Solution
Cost r«tiu Uptimal eo, Standard cost Optimal ag" :;tandard co~t

" Z rdtio , Z ratio p

u O. ",65 ""'U -0.029 D.g;; _0.03 0.955
2. 0 -0.218 0.85 _. 22 O.85U
W _0.578 O. 32 _0.58 U.315
1S _0.627 0.24 _0.64 0.239
20 _0.664 0.20 _0.6? 0.18Ei
25 -0.696 0.17 _0.70 0.167
35 ~O. 721 0.1 3 _0.73 0.132
SO _0.745 0.10 -0.75 0.103
70 -0.779 D.DB- _D.7B 0.081

WO -0.802 O.OEi _O.BO 0.OG3



G = 3.5 ~ = 100 )l = 89.9n 0= 28.51 v = 3.15545

From Glasser I S Cr"ph PrC'sent r~o<..l81Solutior1
Cast ratio Optimal 'C' Stanuaru co"t up tinlal 'C' St"ndard COS!;, Z ratio , Z r"tio ,

'" 0.789 8'
1 . 5 -0. Cill-o 0.811- _0.04 0.952
2.'U -0.219- 0.84 -0.22 0.844
>0 _0.S82 0.30 -0.59 0.]07
,5 -0.628 0.23 _0.64 0.23:::'
20 _O.EnU 0.1 B _0.67 0.190
25 -0.694 0.1 6 _0.6S 0.162
35 -0.721 0.13 -0.72 0.128
50 -0.729 0.03 _0.75 0.U99
7Q _0.77 0.08 -0.77 0.078

1CQ _-0.785 0.06 _0.78 0.060

f;= 3.6 I] = 100 lJ= ,m.l0 0= 27.84 v = 3.23014

From Glass"r I S Graph Pr8scnt ~'Iodcl Solution

Co"t ratio Optimal '0' Standard cos t Optimal a~e Standard cost

" Z ratio Q Z .ratio "
L1 0.551 ar'l
1.5 -0.065 O. 94 _0.85 0.948
2.0 _0.21'1 0.84 _0.22 0.838
W _0.579 0.30 _0.58 0.300
15 _0.1i27 0.22 _0.63 0.226
2C _0.661 0.1 B _0.66 0.184
25 -0.680 0.1 6 _0.El8 0.157
35 _1:1,..699 0.1 2 -0.71 0.123

5U _U.739 U.09 _0.74 0.096

70 -0.764 0.07 _U.78 0.075
, OQ -0.783 _. 05 _0.79 0.058

.'



G = 3.7 r) = 100 11 = 90.n 0= 27.20

70

\l = 3.}lGii7

From GlsaSel"' S Graph Present Model Solution
Cost J:atiu Optimal e~e Standal'e cost Optimal "9 e Standard cost, , ratio , , rstio p

1.1 1].531 O.9!oJ 0.54 0.99>1

1.0 -0.075 a.94 _0.60 0.5/,5

2. 0 _O.22G 0,821 -0.23 a.e32
]C -0,5613 LJ.2i:J -0,58 [l.Z9]
15 -0.622 o.n _0.63 1].220

2C _0.660 0.17 -0,65 0,179
25 -O.Ei7C1 1].1:; _D.o,g 0.152

35 _!J.697 1].12 -0.71 0.120
51] _0.735 0,09 _0.73 !J.OSZ
7C -0.750 U.1J7 _0.76 0.073

1CC _0.772 0.05 -0.78 0.051J

'1= 100 Il =90.30 G ,. 26.50_ v = 3.3970b

• ~
From Glasser's Cr3.ph P.asent Model Solution

Cost ratio Optimal "9 e "tandard cost Opti",al pee "tan dare co,;t., 2 ratio p , ratio p

1 • 1 0.542 1]. 99 i.J. 5 2 1].99':)
1 • S -0.073 1].94 -0.07 0,942

2.0 -0.2210 0.83 -0.21 0.826
10 _0.501 0.29 _0.57 0.287

15 -0.623 U.ZD~ _O.G2 0.215
20 -0,652 O. 17 -O.6a~ 0.174
25 _0.668 0.15 _0.67 0.148
35 -O,6S4 0.1 2 -0,70 0.116
50 _0, 'l12 0.':16 _0,73 0.089
70 -0,735 0.07 -0.75 0.070
]CO _0,76,,-: 0.52 -0.77 0.053



S" 3.9 'I " 100 'J " 90.49 o = 25.0:<'

-

From Glasser's Graph Present 1'1odel Solution
Co::;t ratio Uptimal age Standaru cost Optimal "" Standsro cose

" l ,atio , , ratio ,
'-, [].5US D.9S 1;1.45 D.999
1.5 -0.074 0.S4 -0.07 lJ,939
2.0 -0.224 0.82 -0.23 0.820

" -0.551 0.28 _0.57 0.281
, 5 -Lr.815 0.21 -0.61 0.21U
20 -0.6"'1 0.17 _0.04 0.170," _0.664 O. 14 -0.66 O. 1"'4_0

3S _U.b90 o •11 -0.59 0.112
50 -0.719 0.085 -0.72 V.OB5
70 -0.742 0.06 _0.74 0.067

,00 _0. "!ti1 V.DSO -0.77 0.052

i:' = 4.0 '1 = 1 DO ;.1=80.62 (J " 2';.47

F,OI., Glas5B,'s Graph rre5ent r'Jodel SOlution
Cost rstio Optimal '0' Stanuard cost Optimal "'" :>tandar<J co::;t, , ratio , l ratio ,
'-, 0.1,62 O.S!} 0.4S 0.99!j
1,5 -0.093 0.93 _V.08 0.935
2.0 -0.221 0.80 -o.n 0.815

" -0.554 0.2"1 _0.56 0.276
, 5 -0.81~ 0.20 _0.61 o .20.':i
20 _0.638 0.1 7 _0.64 0.156
25 -0.654 0.1 4 _0.66 0.141
'5 _0.tiB7 0.11 -0.69 a.10S
50 -0.705 0.08 -0.71 0.084
70 -0.734 0.06 -0.74 0.OEi5

"0 -0.753 0.05 _0.76 0.050



13= 4.1 ~ " lOU ~=g[].75 G '= 24.95

72

v :3.63735

Fro," Glasser's Crapl, Pr~s8nt Mod",l :iolution
Cost l:atio Optimal age Standard cost Optimal age Stanc!Erd co:et, Z ratio ? ratio p

'"' O.40lJ !..r.S9 0.42 0.999
L5 -0,092 []. 93 -U.Og [].932
2.0 _1J.227 D. S 1 -0.24 0.808

" -0,554 o.n -0.55 0.271

" _iJ.GIl6 [].20 -0.00 [].201
20 -0,631 [].1 6 _U.!i] 0.162

" _0.646 []. 1 4 _0.65 0,137
35 -0.688 []. 11 -0.58 0.106
50 -0.711 O.OS -0.71 [].081
m -0,727 0.06 _0.73 0.063

, DC _0.7110 0.05 -0. '15 U.O/,8

n " 1DU w = 90,08 a" 24.45 '1 =3.71711

From Glasser Is Grdph Present l'IOj81 Solution
COS~ ratio Optimal ~pe Standard cott Optimal coo Standu:rd cost., Z ratio p Z ratio p

'"' O~397 0.99 0.3:1 0.099
1.5 - []. Ul:JB 0.93 -0.09 0.029
2. U _0.225 O,SO _0.24 0.904
>U -0,549 0.2'1 -iJ.55 0,266
,5 _0.599 0.20 -Q.60 0.1g7

'" -0.626 0.1 6 _0.62 0.158
25 _0,048 0.13 -0.64 0.134
35 _0.665 0.1 0 _U.S7 0.104
50 _0.702 0.80 -0.70 0,079
70 -0.725G 0.60 -0.72 0.061

100 _0.746 0.04 --0.75 0.047



11 = 1 DO u " 91.00 °=23.97

73

v = 3.7%77

From G18532,' s GralJh Pres8nt Model Solution
Co,;c ratio LJptimal ~'o Standurd cost Optimal ~,~Standard cost, Z "aLia , Z ratio c

L' 0 • .:187 O.~19 D. 37 D.Se'S

'"' -0.096 (J.93 _0.01 0.926
2.0 -0,233 U. d1 _0.24 0.799
,0 _G.S'IO (]. 26 -0,55 0.2E2
,0 -0,593 0.20 _U.S90 0.193
20 -0:317 0.1 5 _0.62 0.755
20 _0-.oJ8 0.13 _0.6/, 0.121
35 -0.667 0.1 0 _0.67 0.101

50 -O.6~4 D.n _0.69 0.077
70 _0.713 0.06 -0.72 0.059
>00 -0-.737 D.Dei -0,74 lJ.045

n = 1 UD 11"01.12 v=3.87633

r I'O,l1 GlasseL- r s G:ca.ph IJresern; r~lJd81 Solution

C05t ratio Optimal a9 e Standard C05t U"timal ag to Standa:ccl cost., Z ratio , Z r"tia 0

L' 0.309 O. !;9 0.135 0.999 _

L5 -0.077 O. S 2 _0.100 0.923
2.0 _0.232 [l.aD _U.24 0,795
>0 _0.542 0.26 _0.54 0.2::>7
>S _0.588 (].13 _0.5B 0.189
20 _[J.OOS 0.1 5 _0.54 0.152
20 _O.O]!I 0.13 -0.63 0.128
30 _0.664 U. 10 _0.60 0.099
00 -0,690 0.07 _U.09 0.075
7C _0.704 0,05 -0.71 0.058
>00 _0.735 O.[J" _0.73 0.044



~= 4.5 'I '" 1 00 !.J=91.24 0", 23.06 v = 3.!J5578

from Glassar '5 Gral-'h Present Model Solution

Cost ratio O"timal "e St"nuard cost Optimal '" Stdndard cost, , ratio , l ratio ,
1•1 0.32£l 0.99 O. 33 O. e99.
1.0 _0.097 0.92 -0.11 0.821

'.0 _0.230 0.79 _0.~4 0.790

10 _0. S40 lJ.25 _0.54 0.253

15 _0.583 o.1J _0.58 a.18b

20 _0.604 O. 15 _0.61 0.149

25 _0.02'1 0.:1,<' _0.03 0.125

" _0.056 [l.GS _U.65 0.097

50 _0,.G8G 0.07 _0.6El o.on
70 _0.703 O. 55 _0.7lJ 0.050

100 _0.726 lJ.04 _0.73 0.043

i3= 4.5 i1= 100 !.J= 91.35 u= 22.64 v = 4.03496

From Glasser 'e; Craph Presenc f10ciBl Solution

Cost ratio Optimal ag~ Stancieru C05t Optir.lal ',e 5tanciard cos l;, , ratio P l ratio P

1.1 0.350 o c: (, O. 31 0.99~• ••
1.0 _0.004 0.S2 _U.l1 0.918

2. 0 _0.233 0.7El5 -0.;:>/1 0.786

10 _0.539 O. 2~ _0.53 0.249

1C _0.580 O. 18 _0.57 0.11)2

20 _0.000 0.1 5 _0.60 U.146

" -0.625 O. 12 _0.02 0.123

'5 _0.651 0.09 _0.05 0.09/,

50 _0.07" 0.70 _0.6El 0.071

70 _0.697 0.05 _0.70 0.055

1," _0.720 0.04 _0.72 0.0/11'



s = 4.7 '1 = 100 1.1=91.47 (} = 22.21

75

v = 4.

-
From Glasser's Graph Present ;'10d",1 Solution

Cost ratio Optimal "'" StandaI'd CDst Optimal "" 5tandm;d cost
.< Z ratio 0 Z ratio 0

" , - .
1.7 0.292 0.99 0.29 O.9!j9

7,5 _D.!)!)3 U.92 _G.11 0.915

2,e _0.235 0.785 _0.24 0.781

10 _0.518 [J.2I1 _0.53 Cf.24S
7 5 _0.574 O. HI _O.~7 0.179

2C _0.GU5 0,1/1 _0.60 0.143

25 _0.ti25 0.1 2 _D.G1 0.120

35 _0.651 [;,09 _0.64 0.09Z
50 _U.078 0.07 _0.G7 0.070
7C _0.705 D.S!, _0,69 0,054

700 _O.72J." 0.04 _ _0.'12 0.040

}

e, u 0' lUC 0' Sl • 58 0 , 21.i34 " , 4.19332

From Classer's Graph Present I'lodel 501u t iUfl

Cost ratio Optimal age Standard cost Optill,al_age 5canuaru "ost, Z ratio 0 7 raoi" 0

7 • 7 0.243 0.S9 0.27 0.999

1.5 -0. 091 D.!]l _0.12 0.912

2. 0 _0.237 U. '18 _0.24 0.777

70 _0.5::>8 0.24 _0.52 0;241

7 5 _0.571 0.18 _0.56 0.1'16

2C _O.GOG 0.1 4 _D.5!] 0.141

" _0.525 0.1 2 _0.61 0.118

35 _0.652 0.64 _0.64 0.091

50 _0.G73 0.065 _0.68 0.068

70 _0.695 D.05 _0.69 0.052

700 -0.720 0.03 -0.71 0.039



13= 4.9 'l = 100 11=91.69 v = 27226

-
From Gla55er!~ Graph Present Mc>cel Solution

Cost .ratio Optimal o~~ 5t.andare! C(,~t UiJtirrlal age ':t"nodru cost, Z .rati,- p Z ratio p

'" 0.217 U. S9 0.26 0.989

,,5 _0.090 0.90 _0.12 0.910

2.0 _U.2~4 U.78 _0.24 0.773

1 0 _0.533 0.24 _0.52 0.238

15 -0.572 0.17 _0.56 0.174

'" _0.600 ;].14 _0.58 n.131:J

25 _0.623 O.12 _0.30 0.116

35 _0.680 O.O~ _0.63 0.089

50 _0.677 0.06 _0.66 0.0,,7

m _0.701 0.U5 _0.68 0.051

100 _0.726 0.011 _0.70 0.036

I:J = 5.0 ~ = 100 l-l = J1.80 G = 21.10 v =4.35110

Frum Glasser's Craph Preo;ant l"looel Solution

Cost ratio Optimal age Sta"dal"O cost Optimal ODe Standard cost, Z ratio p 2 LaLio p

'" 0.230 O.!jg 0.24 O. ~~9

1.5 _0.097 0.90 -0.12 0.907

2.0 -0.253 O. ?? _0.24 0.769

10 _0.535 0.23 _0.51 0.23':i

15 _0.571 0.1 7 _0.55 0.171

20 _0.605 0.135 _D. ':is 0.136

25 _0.628 0.11 _O.GO 0.114

'" _0.1:i~1 0.08 -0.63 0.OB7

50 _0.,,75 0.06 _0.65 0.066

70 _0.69G 0.05 _0.68 0.050

100 _0.fl95 0.04 -0.70 0.038

,
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CHAI'TER-5

CUNCLU5IDN AND SCDPE OF FUTURE lJJDR.~

5.1 Conclusion:

co",t optimal age :r"placelllent model '~as stlldled and

a y~aphicol presentation of optimal policiRs has been madp-o

Determinacion of optimal repldc2ment ar;e rD. an itam is

dependent only on cost ratio' (i.e. J:slatil/8 cost of a

failure replacer;18nt) and ahape"pa,sollet"J: of the failura

distribution. Tilis nO'" technique does not rayuire Bv"luEltion

of ,118"ntime uetween failures and standard deviation from

shaae and 5cal8 parameters by "SolI/loy yamma functions, which

is a particular advantage of the n8~ ~ethud.

ThB USB of lJJeibull distribution as a Failur~ distri-

but ion does not impose any limitation on the ,"ide applica-

bility of these new sets of graphs. On the f)th~r h<"lr1d,th8

"implicity of th" distribution is an added advantaQe.

The nBWgraphical presentation of optimal agB replac8-

m8nt policie" eliJilinat85 tl,,", n""cI of cu,,,bersome calculations.

6.2 SCOp8 of Futur8 Works:

In th8 IJr8s8nt study. only age replacement model has

been studied. Similar graphical presentation for optimal

block reIJlac8ment policy can also 'be llndertaken.

The objective function of the model in the pr8sent

study was consider8d a5 minimization 'of cost. The models

,



with oUwr ()()jactivB flJnctiuns like minimization of downtime

Or maxi",ization of availability should also be studied because

for many critical compor1er1ts these objectives may lJe of more

relevance. In tha later case, time to effect a failure

rBl-Jlacemant and tim8 to effect a preventive replacement will

have to considered.

1" ma"y industrial situations, thsre may be a large

number of Sarna cOlliponent Or equipr.lent in oQ8ration. Pres ant a_

tiDn of optimal replacement policy in the form of nomographs is

s fertile area for fwrther research works.

In ir1duscrial situations, it is not always possible

co stick to an optimal olaintenance tims table. Effects of

ri~viatiorl from optimal policy on cost and al/ailability should

alsa oe studied so that n1ana')8ment become~ aWilre Qf this

particular problem.

•

,
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FLOW CHART OF THE COf'lPUTER PROCRAI'li'lEfOR
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FLOW CHAR r APPE;N:Jli:--_._ .
•

STARr

ETA,8

CakulOlt'
yy r

.' Colculate
FM,SDr,FMT,SD

ASSD
B,EJA FMT I SO,•ASSD

N ~ 1

Calculott'
EX(N) and RL(N)

o ••

CalculatE'
CRL (11

Calculale
CRL (LJ)

R: 1.1

IT : 1

ITdT'l

R

0, •
O ••

Calculote

,'-.--_. - .•.C051 [10.-

o ••

Calculate
SrA, COPA.$VGA.

Calculall.'
COST IITI

I r : :2

COPA:COST lin

ITP:1T-l

..



- •.~ - ~."

Co culoJe
CRl(LJ)

R = 1.1

R : R • 10

,..
R

•

R=R •. O-l

COPA : COST (If J

R:R •. 1.(1

R=R .S'O

8:8.0-)

'.-

J r : 2

SlOP

Calculate
COS r (r n

Calc vi ote
-.-COST (/ r J-_~

IfP=IT-l

COPA =COST IITI

Calculate

SrA, COPA,$VGA.
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t I '.; 0:1'~/12/'-~

,',,:lLL

[110111

118, [1':',11"

1160117,117

lit'.,

11".115,115

H

1NU
F0~ THf;: S[JLUI !le" ::F r;._
"~':::Ve~rIVe~E"L.'~E:","'H

GO TO 5J4
IF:I;-9.9"1
I;"'RH .0
G:] Tel 504-
If' (R-39.C,QI
R"'f'+5.:
GU TO <;"4
IF (1;-"'9.99'
I<=R~ I CJ. c'
r;G TO 5"4
CelNl !,",UE
IF ([,-4.9<"
aooB>\1. [
GO TU 503
(GIlT lNUE
STOP
EIW

PRGIlLE>I
PI':OGR ~"
Flt'DING

DIMENSION E~(t5("I,J'LI15~~I; Ch!.. (15"_'. :05T '~I ",
COM:~O~jRL.:::~'L.N,I3.ET~
[T".=IOC'.Q
[)"I.I
F:~"YYII."'( [.C-/till
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••RITe [3,991 :3.ETII.FMT,S'),"'SSD
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C=1.1
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Cn:>H (T 1=( ~L (IT H-( Rn 1.0-RLI IT II " /(l<Ll [Tl
CO"'i\=C"STl I n
11 = 2
COST( IT '=(~L[ [, 1«"*( I. ')-~_ [I" 1" /(RLI1T I
t,c [COST[ll,-CCPo>,1 .:o,,]l,~l
C.JPA=CQ:>Tll Tl
IF' :ll-'" 19'.-.131.151
(1'=IT+l
G" Ie 1~
fTi"=IT-l
SlA",:f'V:MT :lTPI-ET'.l/ETA
C[j:'A" ICCPA~F"T)/R
5VGA"I.O-C[)PA
IF ;SVGA' 34.::;4,35
(mn I NUt
"FtTE [3.I511 ".ST",(v"~
FUI,MAT [12X.F7.J.12X,l"C.4.12<.i"C.'"
GU TO ",' I
((1N,INUE
';;;lTE [3.1 S2' f':
Fr;RMAl :Ix,TI3,F7.3,12X.'R[PLA(C liN ,.AILUF<E: ONLY.'
If' O'-I.S'" 1('~,II':;.lI3
I;=F~'.l
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SUSROUT INC: i'< 1
C. SU8RCh.IT\NC' FOR ~EI3ULL A.'lALY515

D1MiONSIUN EX[ 15[.QI.!';L: t50()I,CRL[ \5001
COM~ON RL.CRL.N.B.ETA

C FINOING WEISUlL PROGAelLlTI~S
N= I

72 ~X:NI=;Fl~AT:N)/ETAI~~B
RL(NI=~(?[-E~IN),
IF tRt.INI-J.(;C51 71."!~.7')

7~ N=.'<H
GO TO 72

71 CO~nlNUE
CfiLl 1 '=1 [.O''''LI l' '/Z.O
DO 83 LJ=2,N

d~ CRLILJI= C~L ILJ-I' + ItPl.CLJ-I I + RlILJ"/2.0'
rlCTUP,'l
FOND

lIR4N Iv Jc~~j-FU-"79 J-g,
C

18/\2/84

FUNCT ION YY (T I
'(y= (T**T I ¥EXPI ~T '*SQRT( (2.0*:J.141 c) IT '* (l .0< ( 1.0/ (1 Z.()*TI 1.1 I •.)/
• 2R(l.O"l T**2 " 1-( I~9.(.'/: 51840.(l~ IT''* 3' " - (571 .9/1248832.0 *1T"'*~" ,
R"TURN
E.'10
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Program ~arameter specifications

5hilpe parameter of-the Fitt"o Weibull distribution{r1 )

Scale paramctar of the failure distribution ( n)
yy

5D

I\SSD

SURT

Subroutine
'n

A function sub-program to e\Jaluate the gamma function.

Gamma.function of ( 1 + 1/s )_

Gamma function of (1 + 2/(', )

The mean of the failure tima distrilJution (lJJeibullJ.,
Standard deviation (0 )

Average service life (v = ~!o ) in standard
deviation unit.
5qudre_root_ ( ! )

1\subprogram which solves the age_based models
arid gives the results in tabular FOJ:m.

R=(k =[/[.0)- f1alative cost of failure replacement

IT Danoting time perious or class incerva13 for age
replacement !Jolley.

Reliability function of a component = axp (_(t/n)B)

lnte~ral._valu" of reliability function (or an array

storing truncatau mean-live~ for various clsss

intervals).

COST(I r)

COPA

Arrays storiny the cost figures, for vari"us preventive'

replacement intervals relative to age replscement

policy.

Variables which help to find a minimum replacement

cost anoj an optimal interval for aye replacement

policy.

NumbeJ: of class inteJ:vals (oJ: No. of jJeJ:iods or yeaJ:s).



HI"

STA

SVGA

i::XP

T

98

flepresent tha optimal interval (tpJ Or age for a
certain value of R in age replacement model.

Deviation from One polley to other policy in

age replJ.cemant model.

Percentage savings from the chosen maintenance

action (or percenta';Je savings for optimal a'J8

or inte:;:val at a given value of R in aga replacement
policy).

[Xj.Jonential distribution function.

An array containing tha values of the arguments.
of tha exponential function in the calculation of

Be.

An ar.ray .rap:;:csenting the lJJeibull cumulative

Lfistriuution func tion (c. d. f)

Loop Index vd.riable.

A dummyvariable used in the function subeorograrn

n.
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